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Abstract  
The risk of a major oil spill in the Arctic has become a matter of global concern, since climate change 
is extending the ice-free period and bringing more shipping to the area. The Arctic is already under 
great pressure from climate change, and an oil spill in this unique and sensitive environment could 
be a catastrophe for its biota. Fortunately, no major oil spill has happened in the true Arctic yet, but 
as the probability of one is increasing, we need to prepare for the potential consequences. 
Understanding the likely impacts of Arctic oil spills could greatly benefit conservation of the area 
as, for example, spatially and temporally varying risk could be taken into account when selecting 
shipping routes. Hence, comprehensive knowledge about the impacts of oil spills on Arctic 
ecosystems is needed. So far, however, knowledge about the likely impacts of oil on Arctic biota is 
scarce and insufficient for comprehensive risk assessment.  
The thesis constructs and applies a probabilistic framework for assessing the environmental risk oil 
spills pose for marine biota in the data-poor Arctic. The work consists of the summary and four 
research papers. Paper I brings together the current understanding about Arctic oil spills and their 
environmental impacts, and conceptualizes that knowledge as a probability-based framework that 
can guide further risk assessment. It further identifies the key Arctic marine functional groups that 
environmental risk assessment should focus on. Paper II carries out an expert elicitation to quantify 
the acute oil spill -induced mortality of adult and offspring individuals belonging to each functional 
group. Paper III develops a vulnerability index describing the acute mortality and the longer-term 
recovery potential of the functional groups based on scientific and grey literature. Paper IV uses the 
information collected in papers I–III and combines it with estimates of oil spreading and species 
distributions to compare the spatiotemporally varying mortality risk for polar bears, ringed seals and 
walrus in a case study area, the Kara Sea.  
The results of the thesis suggest that, in general, polar bears and marine birds are most at risk from 
spilled oil in the Arctic, but there is great variation in the risk depending on the timing of the spill 
and the type of oil spilled. Moreover, the distribution of biota in relation to shipping routes can have 
a major impact on the risk the spilled oil poses to them. Furthermore, the amount of ice present at 
the spill site can alter the risk to biota, as ice cover affects both the spreading of oil and the abundance 
of species in the vicinity of the oil spill. On an acute scale, medium density oil spilled when ice 
concentration are relatively low seems to be the worst-case accident scenario when considering the 
joint impact on all biota, but determining the safest shipping route may prove to be challenging.  
This thesis offers new insights into the risk that oil spills pose to Arctic biota, and is a step on the 
way towards a comprehensive understanding of the impact of Arctic oil spills. However, there are 
still great knowledge gaps, which this thesis both identifies and aims to minimize by suggesting 
different methods for efficient data collection to benefit risk management related to Arctic shipping. 
Additional research is needed to evaluate the longer-term impacts of spilled oil and the persistence 
of oil in cold environments in particular. Furthermore, the need for a valuing method to guide both 
risk assessment and management is recognized.  
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1 Introduction 
The world is changing rapidly. Since the 
beginning of the industrial revolution circa 
250 years ago, the human population has 
increased by a vast six billion people (Roser 
and Ortiz-Ospina, 2018). The revolution has 
brought unprecedented economic and 
industrial developments as well as improved 
quality of life. However, it has also resulted in 
numerous negative consequences. The 
population growth has been, and still is, 
closely tied to the increased use of natural 
resources, energy and land, and consequently, 
to the production of waste. This has caused 
many problems for the environment including 
loss of biodiversity, pollution of the air, water 
and soil, and degradation of the land (Goudie, 
2018). Perhaps the most severe environmental 
problem of our time is global warming, also 
resulting from the growing human population 
and increased consumption of natural 
resources (IPCC, 2014).  
This thesis focuses on one particular problem 
caused by climate change and the 
humankind’s growing need for natural 
resources: Arctic marine oil spills. As the 
warming climate causes the sea ice to retreat, 
new opportunities for human activities in the 
far north open up. In particular, maritime 
shipping in the Arctic is increasing, which 
increases the probability of an oil spill. The 
thesis studies the potential impacts that such 
accidents can have on Arctic biota, and seeks 
to provide information to assist further risk 
assessment and management related to Arctic 
shipping.  
1.1  The Arctic 
The Arctic is characterized by a cold 
environment, unpredictable weather, long 
winters, and relatively cool, short summers 
with long periods of sunlight (CAFF, 2017). 
The number of species in the Arctic is low 
compared to temperate regions, and the 
ecosystems consist of relatively short food 
webs, making trophic interactions 
comparatively simple (Grebmeier et al., 2006; 
Kaiser et al., 2011). In summer, the number of 
species multiply, as the area serves as a 
summertime breeding ground for many 
species and may host major proportions of the 
global populations of several species at once 
(see e.g. Miquel, 2001; van Hemert et al., 
2015; CAFF, 2017). Overall, the Arctic is 
unique among Earth’s ecosystems, and all life 
in the Arctic has adapted to a short growing 
season and harsh winter (AMAP, 2010; 
Kaiser et al., 2011). The physical boundaries 
of the Arctic can be drawn based on many 
criteria, such as tree line or the Arctic Circle 
(AMAP, 2010). In this thesis, the focus is on 
the marine Arctic covering the Arctic Ocean 
and its marginal seas together with the 
adjacent coastline.  
The cold Arctic seawater is rich in nutrients 
due to strong ocean currents and major rivers 
with large catchment areas, which results in 
high concentrations of organisms, like 
plankton and algae, which serve as the base of 
the food web (Sakshaug, 2003). The long dark 
season prevents plankton from utilizing 
nutrients until the early spring, when an algae 
bloom occurs under the sea ice and along the 
ice edges. The uneven seasonal and spatial 
variability in plankton and algae distribution 
affects the distribution of all other species too. 
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On an Arctic scale, this creates species 
diversity hotspots that are important for the 
biodiversity of the whole Arctic (CAFF, 
2017).  
The strong seasonality and the resulting 
dynamism of its ecosystems are some of the 
best-known characteristics of the Arctic, but 
the area is also known for its exceptional 
biota. Polar bears (Ursus maritimus) are 
probably the most renowned Arctic animal, 
but the high north also receives massive 
migrations of birds, such as murres and eiders, 
and mammals, such as whales, that travel 
great distances to enjoy the short, but highly 
productive Arctic summer. Many of the 
migrating animals arrive to the area during 
spring, have offspring during late spring or 
early summer, and move to winter in warmer 
areas in autumn when offspring have grown 
strong enough for the journey (see e.g., 
Belikov et al., 1996; Egevang et al., 2010; 
Hauser et al., 2014). Some animals, such as 
ringed seals (Pusa hispida), walruses 
(Odobenus rosmarus) and belugas 
(Delphinapterus leucas), have adapted to 
survive the Arctic conditions year round, but 
also they typically migrate within the area 
following their preferred prey and optimal ice 
conditions and may winter in subarctic areas 
as well. Similarly, the Arctic is home to many 
fish and crustaceans, not to mention the 
smaller animals, and we are just beginning to 
understand the rich life within and under the 
ice (Eamer et al., 2013; CAFF, 2017).  
The Arctic is in trouble nowadays: it is 
warming two to three times faster than the rest 
of the world (ACIA, 2004; Overland et al., 
2017), resulting in icebergs and sea ice 
melting at an unprecedented pace. The 
summertime sea ice is now declining at an 
overwhelming rate of over ten percent per 
decade (Perovich et al., 2017) and the Arctic 
Ocean is projected to become nearly ice-free 
in summer within the next 30 to 40 years 
(Overland and Wang, 2013). As a result of 
climate change and sea ice decline, ice 
dependent species suffer from habitat 
degradation, boreal species spread northward 
competing for living space with native species 
(Hellmann et al., 2008; Rahel et al., 2008; 
Miller and Ruiz, 2014), and increasing 
primary production alters marine ecosystem 
structures (Arrigo et al., 2008). Furthermore, 
humans induce disturbances through natural 
resources exploitation (Richter-Menge et al., 
2017), tourism (Arctic Council, 2016), air 
pollutants (Law and Stohl, 2007; Sharma et 
al., 2013) and fisheries (Peterson and Rocha, 
2016). 
As the ice-free period is extending, the 
northern shipping routes may offer an 
economically and temporally competitive 
alternative to the more southern shipping 
routes (Liu and Kronbak, 2010; Schøyen and 
Bråthen, 2011; Zhang et al., 2016). For 
example, shipping through the Northern Sea 
Route (NSR) along the Russian Arctic coast 
can reduce navigation time by one-third 
compared to the Suez Canal Route, which is 
currently the main shipping route between 
Europe and Asia (Khon et al., 2010; Schøyen 
and Bråthen, 2011). The cargo volume on 
NSR increased by 25% in 2017 to total of 
about 10 million tons, and it has been 
predicted that the total cargo could be 40 
million by 2020 and 67 million by 2025 
(AGCS, 2018). The amount of future 
maritime traffic in the Arctic remains 
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uncertain (see e.g. Beveridge et al., 2016), but 
the intensifying traffic raises several concerns 
for biota including, but not limited to, the 
introduction of alien species, noise pollution 
and emissions from shipping, and disruption 
of migrating marine biota (Arctic Council, 
2009). Yet, the single most significant threat 
from the increasing shipping is predicted to be 
the accidental release of oil into the marine 
environment (Arctic Council, 2009). Even 
though the altered ice conditions have eased 
shipping, it continues to be challenging due to 
hard winds, severe storms, heavy fog and ice, 
especially during winter (Heininen, 2012; 
Khan et al., 2018). Hence, the increasing 
shipping will also increase the risk of an oil 
spill. Oil can also be released into marine 
environments as the result of oil drilling. So 
far, oil drilling in the Arctic has been 
relatively small-scale and largely exploratory 
(Shapovalova and Stephen, 2019), but as the 
oil prices are recovering from the 2010s oil 
glut and the ice cover continues to shrink, the 
offshore oil resources in the Arctic have once 
again piqued the interest of oil companies 
(Hunter, 2018).  
There have been major efforts to enhance the 
safety of shipping and to minimize the risk of 
oil spills worldwide. For example, better 
navigation systems, ship design and crew 
training lower the likelihood of an accident 
(Hetherington et al., 2006; Kristiansen, 2013; 
Khan et al., 2018). In the Arctic, the safety of 
shipping is most importantly guided by the 
‘International Code for Ships Operating in 
Polar Waters’ (Polar Code) that entered into 
force in 2017. It decrees that, for example, 
discharges of oil or oily mixtures into the sea 
are prohibited, and oil tankers operating in the 
Arctic must be equipped with a double hull 
and double bottom (IMO, 2014; Hildebrand et 
al., 2018). Moreover, Arctic oil spill response 
is an increasingly studied topic (see Wenning 
et al., 2018) and improving preparedness may 
decrease the risk spilled oil poses to 
environment in the future. Furthermore, there 
is a strong political will to protect the Arctic 
environment by banning the carriage and use 
of heavy fuel oil (HFO) in the Arctic, since 
HFO includes a lot of impurities and can be 
nearly impossible to clean up after it has been 
spilled (Prior and Walsh, 2018). Whatever 
steps are taken to minimize the risks from 
spilled oil, a comprehensive, science-based 
understanding of the environmental impacts 
of Arctic oil spills and the related 
uncertainties is needed.  
1.2  The environmental impacts 
of marine oil spills 
Although shipping is an efficient way to move 
large quantities of oil, it poses a great threat to 
marine environments, since large oil spills 
have the potential to significantly injure not 
only individual animals, but also ecosystem 
function (see e.g. Peterson et al., 2003; 
Transportation Research Board, National 
Research Council, 2003). Spilled oil can have 
various negative effects on biota through 
physical smothering, the toxicity of aromatic 
hydrocarbons, and habitat alteration. The 
consequences of these aspects of oil spills 
vary from direct mortality to a variety of 
sublethal effects. Oiled birds and mammals 
are particularly prone to suffer from physical 
smothering as oil sticks to their feathers or fur, 
which impairs their ability to insulate 
themselves, making the oiled animals less 
9 
 
buoyant and more prone to suffer from 
hypothermia (Transportation Research Board, 
National Research Council, 2003; AMAP, 
2010). Mammals that have blubber and tough 
skin instead of fur may suffer less from spilled 
oil, although they and especially their 
offspring can exhaust if oiled, which may lead 
to drowning (AMAP, 2010). Small 
organisms, especially invertebrates, can be 
smothered by a thick layer of oil, which can 
hinder both their movement and breathing. 
Moreover, most biota are likely to experience 
at least some toxicological effects after an oil 
spill through either the direct toxicity of oil or 
the ingestion of contaminated prey leading to, 
for example, impaired reproduction, 
depressed growth or death (see e.g. 
Engelhardt, 1983; Albers, 1998; Carls et al., 
1999). Avian embryos and fish eggs have 
been shown to have particularly low tolerance 
to toxins (Leighton, 1993; Briggs et al., 1997), 
and offspring in general are believed to suffer 
from spilled oil particularly much (Malins, 
1977; AMAP, 2010).  
The impacts of oil on marine biota in 
temperate regions are relatively well 
understood, due to field observations and 
laboratory studies (see e.g. Heintz et al., 2000; 
Kingston, 2002; Albers, 2003; Hemmer et al., 
2011). In the Arctic, however, the effects of 
oil are generally only understood for a few 
species for which laboratory experiments can 
be conducted, including the Arctic scallop 
(Chlamys islandica), polar cod (Boreogadus 
saida) and Greenland cockle (Serripes 
groenlandicus) (e.g. Mageau et al., 1987; Rice 
et al., 1979; Albers, 1998; Hannam et al., 
2010; Jonsson et al., 2010). Moreover, only 
general syntheses of the likely effects of 
Arctic oil spills have been reported (AMAP, 
2010). Hence, the current understanding is 
scattered and limited, making it difficult to 
predict the impacts of an oil spill on an Arctic 
ecosystem. Consequently, estimating which 
parts of Arctic ecosystems are most at risk 
from oil spills and whether it varies between 
accident scenarios is not possible, even 
though such information could be important 
for the conservation of the Arctic.  
Moreover, predicting the impacts of 
unprecedented accidents is challenging. 
Every accident is unique, and the overall 
impact of the spill depends on, for example, 
the amount and properties of the spilled oil, 
the location and timing of the spill, the 
weather conditions during and after the spill, 
and the characteristics of biota and the 
habitats affected by the spilled oil (see e.g. 
Kingston, 2002; Le Hir and Hily, 2002; 
Peterson et al., 2003; Transportation Research 
Board, National Research Council, 2003; 
Payne et al., 2008, Young et al., 2011). The 
issue is complicated further by numerous 
interactions between these factors. For 
instance, the extent of the oiled area depends 
on the spreading of oil along with 
spatiotemporally varying weathering 
processes, which, in turn, are dependent on 
the oil type as well as prevailing weather and 
oceanographic conditions (Transportation 
Research Board, National Research Council, 
2003). However, data on these are generally 
lacking in the Arctic. 
Previous oil spills can provide some guidance 
for estimating the likely impacts of future oil 
spills. From most oil spills we know or can 
estimate, with some accuracy, at least the type 
and amount of oil spilled, the duration and 
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size of the spill, and (some of) the impacts on 
biota. One of the most famous oil spills in 
history is the Exxon Valdez oil spill (EVOS), 
which took place in Prince William Sound in 
sub-Arctic Alaska in 1989. Approximately 
42 000 m3 of crude oil were spilled into a 
biologically rich and poorly-understood 
marine ecosystem. Hundreds of thousands of 
seabirds were estimated to have been killed 
along with other animals such as otters, harbor 
seals (Phoca vitulina), and salmonids. 
Fisheries of many species including salmon, 
herring and shrimp were closed for years 
following the accident (Picou et al., 1992) and 
tourism suffered greatly, as the recreational 
use of the area was prevented (Paine et al., 
1996). Oil originating from EVOS can still be 
found on the shores of the sound nearly 30 
years after the accident (Nixon and Michel, 
2015; Lindeberg et al., 2018) and some 
species, such as pigeon guillemots (Cepphus 
columba) and orcas (Orcinus orca), continue 
to show very little or no recovery from the 
population-level harm caused by the spill. 
Since EVOS is the largest marine oil spill that 
has occurred in the vicinity of the Arctic, it is 
a relevant source of information when 
assessing the potential impacts of oil spills in 
the Arctic. Plenty of literature has been 
published documenting the environmental 
impacts of EVOS (see e.g. Piatt et al., 1990; 
Carls et al., 2001; Bodkin et al., 2002; 
Peterson et al., 2003; Rice and Peterson, 
2018), but the data are far from 
comprehensive (see Paine et al. (1996) for 
lessons learnt in the aftermath of EVOS) and 
should therefore be extrapolated with caution.  
Although field data contain only limited 
amount of information, there are some oil spill 
models that can be used to assess the fate and 
impacts of spilled oil. Some oil fate models 
are relatively detailed (Spaulding, 2017), but 
they often have a limited ability to model oil 
spreading in ice-filled waters (however, see 
e.g. Arneborg et al. (2017) and Beegle-Krause 
et al. (2017)) and cannot assess the 
environmental consequences of spilled oil. 
There are also some models that can assess 
both the fate of oil and (some of) the 
environmental consequences of the spill. 
Perhaps the most widely used are the Oil Spill 
Contingency and Response (OSCAR) model 
(Reed et al., 1995), the General NOAA 
Operational Modeling Environment 
(GNOME) together with Environmental 
Sensitivity Index (ESI) (Beegle-Krause, 
2001; Petersen et al., 2002), and the Integrated 
Oil Spill Impact Model System (SIMAP) 
(French-McCay, 2004). Currently, SIMAP is 
the most advanced of the existing oil fate and 
impact models in terms of assessing the 
impacts of spilled oil on biota in addition to 
modeling the fate of oil in detail. This model’s 
elements and assumptions are discussed in 
more detail throughout the thesis. 
The use of oil spill models in the Arctic is 
often either impossible or challenging. They 
usually require detailed data about, for 
example, weather, currents and shoreline 
types, which are not typically available for the 
true Arctic, which is characterized by 
demanding climatic conditions and 
consequently, limited field data. For instance, 
SIMAP can be used in the Arctic (see French-
McCay et al., 2014; French-McCay et al., 
2018; Wilson et al., 2018), but enough data 
exists only for a few areas and a few species. 
Moreover, although SIMAP assesses the 
11 
 
impact on biota quantitatively, the impact is 
estimated as a point estimate instead of a 
probability distribution, thus impairing its 
viability for use in quantitative risk 
assessment. This is a relevant shortcoming of 
the model particularly in the Arctic, where 
underlying uncertainties are typically large 
(Emmerson and Lahn, 2012). Moreover, 
SIMAP does not fully account for the 
significance of seasonality when assessing an 
oil spill’s impact, as it uses the same point 
estimate to describe the impact on biota year-
round. 
In general, the above-mentioned much-
utilized models have a limited capacity to 
document uncertainty related to both the fate 
and the environmental impacts of spilled oil. 
Yet there are a few oil spill models that use 
probability distributions to allow for the 
incorporation of uncertainty. For example, 
Aps et al. (2009), Carriger and Barron (2011), 
Helle et al. (2011), Goerlandt and Montewka 
(2014) and Lehikoinen et al. (2015) have built 
Bayesian networks to describe the various 
elements related to oil spills in temperate 
regions. In these models, probability 
distributions for the variables related to the 
accident scenarios (such as weather 
conditions) are usually calculated based on 
existing statistics, which are typically not 
available for the Arctic. The approach by 
Lecklin et al. (2011) for assessing both acute 
and longer-term impacts of spilled oil in the 
Gulf of Finland by relying on expert 
knowledge is rather detailed and could be 
utilized in the Arctic as well, but their expert 
elicitation process is imprecisely documented 
and thus, difficult to reproduce. Moreover, the 
estimates are tied to the unique environment 
of the northern Baltic Sea and provide very 
limited information when assessing the 
impacts of Arctic oil spills.  
Additionally, some methodologies for oil spill 
response planning in the Arctic include 
estimates about the expected harm spilled oil 
causes to habitats or biota (see Wenning et al., 
2018 for a review). For example, 
Methodology for Environmental Risk 
Analysis (MIRA) and Environmental Risk 
Assessment-Acute (ERA-Acute) estimate the 
potential effects and recovery of Arctic biota 
in relation to spill impact mitigation (DNV-
GL, 2014; Stephansen et al., 2017). Such 
methods have mainly been developed for the 
most thoroughly studied and therefore data-
rich parts of the Arctic, such as the Norwegian 
Arctic continental shelf and the US Alaskan 
region (see e.g. Aurand and Essex, 2012; 
DNV-GL, 2014; Robinson et al., 2017). For 
the majority of the Arctic, such methods are 
not available. Moreover, the methodologies 
do not generally account for the uncertainty 
related to the topic (however, see Lu et al. 
(2019) for a probability-based model for 
assessing oil spill recovery effectiveness in 
the ice-covered Northern Baltic Sea), and the 
estimates on the harm to biota or habitats are 
most often formed by a few experts and the 
reasoning behind the estimates is not typically 
well-documented.  
1.3 Environmental risk 
assessment  
Environmental risk assessment (ERA) 
provides a practical tool for studying risks to 
the environment posed by human action, such 
as shipping. So far, Arctic ERA’s have been 
mostly qualitative (see e.g. EPPR, 1996; Ford 
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and Smit, 2004; Bolsunovskaya and 
Bolsunovskaya, 2015), and the few 
quantitative ones have focused on, for 
example, persistent organic chemicals 
(Skaare et al., 2002) and polychlorinated 
biphenyls (Brunström and Halldin, 2000) in 
marine mammals and birds, and ballast-
mediated invasions of nonindigenous species 
(Bailey et al., 2013). Recent ERA’s have also 
studied the (toxicological) risks related to 
subsea oil spills in the Arctic (Arzaghi et al., 
2018). Presently, the risks related to oil 
shipping in the Arctic have been assessed 
from the accident probability point of view 
(see e.g. Khan et al., 2018 and references 
therein) and the risk spilled oil poses to the 
Arctic ecosystem has been discussed only in 
qualitative terms (AMAP, 2010).  
There are many definitions of ‘risk’ 
depending on the context (Fowle and 
Dearfield, 2000; Burgman, 2005). In 
everyday language, it is often a synonym for 
‘probability’ for an unwanted event. 
Moreover, terms ‘hazard’ and ‘risk’ are 
sometimes used interchangeably, but in risk 
assessment ‘hazard’ refers to an agent that can 
cause harm or damage, and ‘risk’ to the 
potential consequences of the hazard 
combined with the probability they realize 
(Gormley et al., 2011). The definition of ‘risk 
assessment’ varies, too. In general, it refers to 
the process of formally evaluating a risk, but 
there are dissenting opinions about whether 
risk management should be considered a part 
of the risk assessment cycle, or a distinct 
process (HM Treasury, 2004; Fig. 1).  
 
Fig. 1. ERA framework (based on Gormley et al., 2011). The ERA process starts from formulating the problem 
(Step 1) which is followed by assessing the risk(s) (Step 2) and management options (Step 3), after which the 
risk is addressed (Step 4). The problem can be formulated again if necessary based on the proceeding of the 
ERA process. The thesis focuses on the first two steps of ERA: formulating the problem (papers I, III, IV) and 
assessing the risk (papers II–IV). 
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ERA, similar to risk assessment in general, 
consists of four steps: 1. Formulating the 
problem, 2. Carrying out an assessment of the 
risk, 3. Identifying and appraising the 
management options available, and 4. 
Addressing the risk with the chosen risk 
management strategy (Fig. 1). The first two 
steps can be described as the first part of ERA 
(namely risk assessment) and the two latter 
steps as the second part of ERA (namely risk 
management). After the best possible (and 
available) management option identified has 
been implemented (Step 4), the risk 
assessment cycle may be started again from 
Step 1 if, for example, new information 
collected during ERA allows for a more 
accurate framing of the problem (Gormley et 
al., 2011). Ideally, ERA includes iteration and 
learning, and communication between 
different parties (generally the risk analyst 
and the risk manager, but potentially also 
other stakeholders).  
A critical early step in ERA is to determine 
‘what’ is at risk, i.e. which aspects of the 
environment to focus on in the risk 
assessment – and, in essence, which aspects of 
the environment to protect (Gormley et al., 
2011). This process is known as selecting the 
assessment endpoints. They can be chosen 
based on different criteria – such as ecological 
importance or relevance to management 
goals. In the Arctic, an ecologically relevant 
assessment endpoint for oil spill ERA could 
be, for example, the survival of polar cod, 
since it is a key species in Arctic food webs 
(Hop and Gjøsæter, 2013). An assessment 
endpoint relevant for management goals 
could be, for example, retaining water quality 
at a level that does not impede commercial 
fishing. The assessment endpoints can be 
identified at different levels, such as the 
individual (e.g. survival of an individual), 
population (e.g. abundance of individuals) or 
community (e.g. taxa richness) (US EPA, 
2003) level. The risk can also be assessed for 
a habitat in which case the selected 
assessment endpoints aim to determine 
whether a habitat will be adversely modified 
by human activity (US EPA, 2003). To 
improve the usability of ERA results for 
decision-making, the assessment endpoints 
can be chosen in collaboration with the 
decision-maker to ensure their relevancy.  
Appropriate methods for measuring the 
assessment endpoints depend on the 
availability of data and resources. Risk 
assessment can be either qualitative or 
quantitative, depending on the amount and 
quality of data and the purpose of the risk 
assessment. Quantitative risk assessment 
often requires past data, which can be 
accumulated from different sources, such as 
laboratory experiments or field studies, 
whereas qualitative risk assessment often 
relies on expert opinion, particularly when 
assessing risks related to unforeseen events 
(Suter II et al., 2007; Gormley et al., 2011; see 
also paper II for using expert knowledge in 
quantitative risk assessment). In qualitative 
studies, risk can be assessed in terms of, for 
example, ‘high’, ‘medium’ and ‘low’ or ‘very 
likely’, ‘likely’, ‘not likely’ and ‘very 
unlikely.’ Quantitative risk assessment is 
typically more informative and the results 
obtained can be more easily used in further 
models, but such an approach is not always 
feasible due to, for example, limited data 
(Suter II et al., 2007).  
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The detailed steps and methods of ERA can 
differ depending on which risks and 
assessment endpoints are considered (US 
EPA, 2003; Suter II et al., 2007). ERA can 
provide anything from very holistic, coarse-
level estimates of multiple stressors (see e.g. 
EPPR, 1996; Hayes and Landis, 2004; Fock, 
2011; Kaikkonen et al., 2018), to a very 
detailed assessment of an impact a certain 
chemical has on a certain study species (see 
e.g. Aas et al., 2000; van der Oost et al., 2003; 
Pekey et al., 2004; Li et al., 2014). In 
toxicology, a dose descriptor (relationship 
between an effect of a chemical and the dose 
at which it takes place) is used to describe the 
risk to biota and can be expressed as, for 
example, LC50 (lethal concentration 50%: a 
concentration that kills half the tested 
population) or NOAEL (no-observed-
adverse-effect level). Such assessments have 
been conducted for some Arctic species such 
as amphipods, copepods and fish (e.g., Buhl 
and Hamilton, 1991; Chapman and 
McPherson, 1993; Hansen et al., 2014). 
Moreover, the toxicological approach has 
recently been used in a few Arctic ERA’s 
related to oil spills (see e.g. Afenyo et al., 
2017; Arzaghi et al., 2018). However, most 
toxicological studies are performed for 
temperate species in relatively warm water, 
and it is unclear how easily these results can 
be applied in the Arctic (Lee et al., 2015). 
Moreover, the approach may work for smaller 
animals, like fish and invertebrates, but could 
be highly problematic for mammals and birds. 
Furthermore, toxicology-based risk 
assessment overlooks the physical impacts 
stressors may have and generally produces 
knowledge only on an individual-, not a 
population-level (however, see de Vries et al. 
(2018) for extrapolating population level 
consequences of oil from toxicity data on 
Arctic copepods). Therefore, Arctic oil spill 
ERA should not be (solely) based on available 
toxicological data.  
In an ideal world, risk assessment would be 
based on strong evidence, but in reality, 
information is often limited. The uncertainty 
is particularly high when incomplete 
knowledge is used to make predictions about 
an unobserved event. Therefore, risk 
estimates, both quantitative and qualitative, 
should always include a transparent 
presentation of the related uncertainties. Since 
the main goal of ERA is to synthesize 
information for environmental management 
and policy, it is important that decision-
makers are explicitly and transparently 
informed about the uncertainties and their 
sources (Burgman, 2005). It can also be 
beneficial to classify uncertainty to guide 
further research. A typical strategy for doing 
this is to classify uncertainties as either 
epistemic or aleatory. Epistemic uncertainty 
refers to uncertainty due to lack of knowledge, 
which can be reduced or even fully eliminated 
through research. Aleatory uncertainty in 
turn, relates to natural variation that cannot be 
measured (at least with the currently available 
methods) and therefore, rendering this type of 
uncertainty irreducible (O’Hagan, 2004). 
Both types of uncertainty are likely to be 
present in Arctic oil spill ERA. For example, 
the toxicity of oil to Arctic biota can be (and 
to some extent has been) studied in 
laboratories therefore reducing the epistemic 
uncertainty in the estimates of the lethality of 
spilled oil. Contrarily, habitat use of Arctic 
biota includes natural variation and therefore, 
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the uncertainty cannot be fully removed 
(however, see paper IV for using species 
distribution modeling in reducing such 
uncertainty). 
2  Outline of the thesis 
2.1 Structure and objectives  
This thesis consists of two main themes: (i) 
Building a probabilistic framework for 
conducing quantitative ERA of Arctic oil 
spills and (ii) quantitatively assessing some of 
the risks spilled oil poses for Arctic marine 
biota. Within the first theme, presented in 
Section 3.1, the problem is framed and the 
important variables contributing to the 
environmental impacts of Arctic oil spills are 
identified based on an extensive literature 
review. A conceptual model for risk 
assessment is developed and the relevant biota 
at risk are identified. Moreover, appropriate 
accident scenarios are defined. In other words, 
the first theme conceptualizes the existing 
knowledge about Arctic oil spills gathered 
from scientific and grey literature and builds 
guidelines for subsequent, quantitative risk 
assessment. Within the second theme, 
presented in Section 3.2, the risk spilled oil 
poses to Arctic biota is quantified. Both the 
acute and longer-term impacts of spilled oil 
are studied, the first one in quantitative terms 
and the latter in semi-quantitative terms. 
Moreover, a spatiotemporal risk assessment is 
performed to study how the risk spilled oil 
poses can be altered depending on the type of 
oil that is shipped, and when and where it is 
shipped. Thereafter, Section 4 discusses the 
most important results of the thesis with 
special emphasis on the related uncertainties 
and the applicability of the results to risk 
management and conservation. Both the new 
knowledge acquired about the impacts of 
Arctic oil spill and the strengths and 
weaknesses of the methods used are 
examined. Moreover, the lessons learned are 
described and the most important directions 
for future research regarding Arctic oil spills 
are underlined. Lastly, Section 5 summarizes 
the thesis with concluding remarks. 
The thesis develops a general approach for 
Arctic oil spill ERA applicable throughout the 
Arctic to improve the understanding of this 
data-poor topic and ultimately to support 
decision-making related to Arctic shipping.  
The main objectives of the thesis are:  
1. To build a probability-based, general 
framework for studying the impacts 
of spilled oil on Arctic biota in the 
data-poor Arctic (papers I, III, IV), 
and 
2. To use that framework to quantify the 
risk posed by spilled oil to Arctic 
biota (papers II–IV).  
2.2 Description of the papers 
Paper I collects and summarizes the existing 
knowledge about Arctic biota from an oil spill 
perspective, and sets boundaries for Arctic oil 
spill ERA based on a literature review. The 
main aim of the paper is to bring together the 
current understanding about the impacts of oil 
on Arctic biota in to an easily understood 
format, and to describe the major knowledge 
gaps related to the environmental impacts of 
Arctic oil spills. The paper suggests that 
Arctic oil spill ERA should focus on food 
webs at the functional group -level to estimate 
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the impacts of oil spills on entire ecosystems. 
To achieve this, the paper identifies the Arctic 
biota most likely to be affected by spilled oil 
and places them into 20 functional groups 
based on both their ecological role and the 
expected impact of oil spills on them. The 
classification takes into account, for example, 
species’ habitat use, physical characteristics, 
and behavior. The paper also presents a novel 
network for assessing both the acute and 
longer-term impacts of oil on the functional 
groups. Moreover, the paper discusses various 
ways to move from qualitative descriptions of 
the risk towards quantitative estimates, and 
gives recommendations for how data can be 
collected. The paper can also be used as a 
basis for more detailed risk assessment.  
Paper II seeks to fill some knowledge gaps 
identified in paper I by performing expert 
elicitation. The paper has two main aims: to 
collect quantitative data on acute, oil spill -
induced mortality of Arctic biota, and to test 
the use of expert knowledge in acquiring such 
data. The paper develops an elicitation tool 
suitable for remotely implemented expert 
elicitation. Eight experts participated in the 
study, and data on the exposure potential and 
sensitivity of seals, anatids and seabirds to 
spilled oil are collected. The experts used 
probability distributions to describe their 
understanding of the exposure potential and 
sensitivity (see Section 3.1.2 for definition of 
the terms) and the uncertainty related to their 
assessments. The paper discusses the quantity 
and quality of the data obtained, and pays 
special attention to the credibility of the 
obtained results.  
Paper III continues to fill the knowledge gaps 
identified in paper I by building an index-
based approach for assessing the acute and 
longer-term risks posed by spilled oil on 
Arctic biota. The paper aims to bring a vast 
amount of published literature on the impacts 
of oil from both Arctic and temperate 
environments together, and turns that 
knowledge into an index that can be used to 
compare the relative harm spilled oil causes to 
different functional groups under the different 
accident scenarios identified in paper I. The 
index takes into account both the acute and 
longer-term impacts of oil and functional 
groups’ ability to recover from a potential oil-
induced population decline. The paper begins 
by building a conceptual model identifying 
the most important variables contributing to 
exposure potential and the sensitivity of biota 
(see Section 3.1.2 for definition of the terms), 
and then applies the conceptual model to 
assign a probability distribution to describe 
how each of the identified variables 
contributes to the overall exposure potential 
and sensitivity of the functional groups. 
Moreover, the paper performs sensitivity 
analysis to better understand the sources of 
uncertainty in the results. For many of the 
functional groups, the paper provides the first 
estimates of their exposure potential and 
sensitivity. This method allows for easy 
updating when new data become available.  
Paper IV is based on the framework from 
paper I and uses data collected in papers II 
and III, as well as from related works by 
Mäkinen and Vanhatalo (2016; 2018) and 
Afenyo et al. (2016B). The paper presents a 
case study located in the Kara Sea along the 
Russian Arctic coast where the acute risk 
associated with different shipping routes is 
assessed. The paper combines estimates of the 
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vulnerability of biota in spill areas (paper II) 
to estimates of spatiotemporally varying 
species densities and oil spreading, thus 
producing a more detailed than before 
assessment of the acute risks posed by spilled 
oil in the Arctic. The assessment is based on 
three Arctic marine mammal species: polar 
bears, ringed seals and walruses. The main 
aim of the paper is to enhance the 
understanding of the spatiotemporal variation 
in the acute risk posed by spilled oil in the 
Arctic. The results allow for both the 
comparison of the acute risk associated with 
different shipping routes and the relevance of 
different data (such as the environmental 
impact of oil vs. oil spreading) to the total risk. 
The results of the paper can inform both risk 
management and future risk assessment.  
3 Materials and methods 
The thesis utilizes various methodologies and 
sources of information in its attempt to 
conceptualize and quantify Arctic oil spill risk 
(Table 1). In Section 3.1, a probability-based, 
general framework for studying the impacts of 
spilled oil on Arctic biota in the data-poor 
Arctic environment, built based on a literature 
review, is presented. In Section 3.2, the 
methods utilized for quantifying the oil spill 
impacts in papers II–IV are presented.  
3.1 Framing the Arctic oil spill 
ERA 
3.1.1 Identifying biota at risk  
As the knowledge about the potential impacts 
of oil on Arctic biota is still very limited, 
environmental risk assessment should start 
with a general description of the ecosystem to 
identify which parts of the ecosystem are at 
the highest risk (paper I). The risk assessment 
could focus on, for example, endangered 
species or keystone species, but the ecosystem 
approach provides a more comprehensive 
overview of the total risk (see e.g. Burgman, 
2005; Suter II et al., 2007; Lecklin et al., 
2011). It can also guide future research by 
identifying the parts of an ecosystem that 
should be studied in more detail (paper III). 
Moreover, the ecosystem approach can 
effectively identify the biggest knowledge 
gaps related to the risk to biota.  
The thesis proposes that for Arctic oil spill 
ERA to cover the whole marine ecosystem, 
the risk should be assessed for functional 
 
Table 1. Main methodologies utilized in papers I–IV. 
Methodology Paper I Paper II Paper III Paper IV 
Literature review x  x  
Conceptualization x  x  
Expert elicitation  x   
Semi-quantitative analysis   x  
Quantitative analysis  x  x 
Spatiotemporal analysis    x 
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groups instead of individual species (similar 
to King and Sanger, 1979; Lecklin et al., 
2011; French-McCay, 2004). The reason is 
twofold. Firstly, the range of functional 
groups present in an ecosystem is likely to be 
more closely related to the stability of an 
ecosystem than the number of species within 
it (Allaby, 2010). Secondly, data in the Arctic 
are often limited, and the functional group -
approach allows for more efficient utilization 
of the little data available (paper III).  
Moreover, the relationships (mainly prey–
predator) between the groups should be 
considered in ERA, as the loss of a prey or a 
predator is likely to affect a functional group 
in addition to the direct impacts of oil. 
Therefore, a food web approach enables a 
holistic analysis of the risks to whole 
ecosystem and it offers a practical way to 
extend the analysis from acute to longer-term 
effects (papers I, III). In more detailed ERAs, 
competition between species could also be 
taken into account, but because majority of 
competition is likely to occur within and not 
between functional groups, such relationships 
are not considered in this thesis.  
It should be noted that in this thesis the term 
‘functional group’ refers to a group that is 
formed not only based on the ecological 
characteristics of the species within it (see e.g. 
Allaby (2010)), but also considering the 
expected impacts of oil spills on them: how 
and on what time-scale spilled oil is likely to 
affect them (paper I). For example, groups’ 
 
 
Fig. 2. Food web suitable for Arctic oil spill ERA (modified from papers I and III). Solid lines describe the 
main prey(s) of each functional group and dashed lines the secondary prey(s). 
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habitat use and feeding behavior, among other 
things, affect whether they are likely to suffer 
from spilled oil on an acute timescale or are 
likely to experience longer-term, chronic 
impacts through food web.  
Papers I and III form 20 functional groups to 
be used in Arctic oil spill ERA (Fig. 2). The 
groups include invertebrates, fish, birds and 
mammals, and include species that are 
assumed to be those most likely to be affected 
by oil based on knowledge gleaned from 
temperate and sub-Arctic regions (see e.g. 
Paine et al., 1996; AMAP, 2010; Lecklin et 
al., 2011; Chang et al., 2014). This 
classification of the functional groups should 
be thought of in terms of convenience and it 
loosely resembles the grouping used e.g. by 
SIMAP (French-McCay, 2004). The 
functional groups identified are exposed to oil 
in different ways, have different tolerance 
levels and varying ability to avoid oil. For 
example, fish are divided into pelagic, 
cryopelagic, foraging and demersal fish. All 
fish groups are likely to have similar tolerance 
to oiling, but are exposed to oil in different 
ways due to their differing use of habitat. As 
another example, whales are divided into two 
groups: toothed and baleen whales. Their use 
of habitat resembles each other’s, but they 
may be exposed to oil in different ways due to 
their differing feeding behavior.  
The groups do not cover all Arctic biota, but 
the classification is convenient for practical 
ecosystem-level ERA. For example, six 
groups of marine birds are considered 
(according to recommendation of Arctic 
Council’s Circumpolar Seabird Monitoring 
Plan (Irons et al., 2015)). In comparison, 
SIMAP divides marine birds into 13 groups 
(French-McCay, 2004). The number of the 
groups is kept moderate to allow for efficient 
quantification of the risk (similar to Lecklin et 
al., 2011). For example, in paper III the 
authors assign 7,360 probability distributions 
altogether to describe the vulnerability of the 
20 functional groups. Each additional 
functional group would increase the number 
of required probability distributions by 
hundreds. However, the methods presented in 
this thesis can be applied to other functional 
groups or individual species as well. 
Moreover, the food web does not provide a 
perfect description of an Arctic ecosystem, 
but does display the most relevant 
dependencies in it (Fig. 2). Again, a relatively 
simple approach like this is adequate for the 
purposes of this thesis. The impacts of oil 
spills on primary producers are not quantified 
in this thesis as studies in temperate waters 
have shown that the damage to them caused 
by oil spills is likely to be relatively modest 
and short in duration (see AMAP (1998) and 
references therein), nevertheless their role in 
the food web is still considered (paper III).  
3.1.2 Defining the risk  
Spilled oil can affect individuals and habitat 
in many ways. From an ecosystem 
perspective, the most relevant question is how 
an oil spill may affect populations. In this 
thesis, the risk is assessed through the 
probability that biota dies due to an oil spill, 
which is assessed separately for the different 
seasons, oil types and life stages of the 20 key 
functional groups (papers II, III). Other 
possible assessment endpoints relevant for 
ecosystem-level ERA could be, for example, 
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the effect of oil on the reproductive efficiency 
of biota or on significant breeding grounds.  
Most oil spill models assess the risk posed by 
spilled oil, which is based on the expected 
intersection between the species and the 
spilled oil, determined by comparing species 
distribution to the trajectory of oil without 
considering, for example, the behavior of 
individuals (e.g. Reed et al., 2000; Petersen et 
al., 2002; see also paper IV). In reality, it is 
unlikely that all the individuals within an 
oiled area come into contact with oil. For 
example, some species may be able to avoid 
oil (Rice, 1973; Lipcius et al., 1980; Bohle, 
1986; Ryder et al., 2004) and some 
individuals, such as ringed seal cubs, stay on 
pack ice, where oil is not likely to reach them 
(AMAP, 2010; Kelly et al., 2010). Therefore, 
the ‘probability that an individual comes into 
contact with oil if oil is spilled in its habitat’ 
(from now on called exposure potential 1 ) 
needs to be assessed (paper I; Lee et al., 
2015). Based on that, the proportion of a 
population that comes into contact with oil 
can be estimated for any given spill scenario 
(papers I–IV). Secondly, not all oiled 
individuals die. For example, whales’ skin 
may repel oil (Geraci, 1990) and some 
mollusks can survive oiling for a short 
duration by closing their shells (Conan et al., 
1982; Mosbech, 2002). Thus, the ‘probability 
that an individual dies due to contact with oil’ 
(from now on called sensitivity) must also be 
assessed (paper I; Lee et al., 2015). Based on 
that, the proportion of the oiled population 
that dies due to oiling can be estimated for any 
given spill scenario (papers I–IV). Such logic 
                                                 
1 Note that in paper II the probability that an 
individual comes into contact with oil if oil is 
spilled in its habitat is referred to as vulnerability 
is not usually applied in oil spill models, with 
the exception of SIMAP. It uses an estimate 
of species’ probability of encountering spilled 
oil (corresponding to exposure potential) and 
mortality once oiled (corresponding to 
sensitivity), but assesses them as a joint single 
point estimate (for example, 75% for 
furbearing marine mammals and 1% for 
pinnipeds). Furthermore, it uses the same 
point estimate for every accident scenario 
(French-McCay, 2004).  
In this thesis, exposure potential and 
sensitivity are assessed in the form of 
probability distributions to account for the 
uncertainty related to them (papers II, III). 
They are also assessed separately because 
assessing conditional probabilities typically 
becomes easier the more explicitly they are 
defined (see e.g. O’Hagan et al., 2006). 
Moreover, such separation improves our 
understanding of the topic. Furthermore, it 
could potentially contribute to protection of 
biota. For example, an oil spill response could 
be targeted to safeguard the most vulnerable 
species, as the highly sensitive groups do not 
automatically suffer most from spilled oil if 
they are unlikely to come into contact with it 
(papers II–IV). As both exposure potential 
and sensitivity can vary between seasons and 
based on the type of oil spilled, Arctic oil spill 
ERA should consider a range of potential 
accident scenarios to provide a 
comprehensive overview of the potential risk 
posed by oil spills (papers II–IV). In the 
Arctic, it is particularly important to account 
for the seasonal variation in the ecosystem, as 
it can significantly affect the risk spilled oil 
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poses (paper IV). For example, species 
richness is generally higher during summer 
compared to other seasons (CAFF, 2017), 
which can alter the overall impact of spilled 
oil considerably. Season also has an effect on 
the extent of the ice cover, which in turn, 
affects both the oil spreading and the 
distribution of biota (paper IV).  
Vulnerability is the product of exposure 
potential and sensitivity, equaling the 
probability of death due to an oil spill2. It can 
be assessed for individuals (paper II) or a 
hypothetical population (paper III) in a 
hypothetical Arctic marine area (Fig. 3: ‘biota 
within oiled area’). Here, a population should 
be understood as a quantity at the functional 
group -level summarizing the amount and 
distribution of the individuals in that 
functional group. It would be possible to study 
the overall population in the Arctic, but 
considering a (sub)population in a smaller 
                                                 
2 Note that in paper II the probability of death 
due to an oil spill is referred to as acute impact 
study region where an oil spill is assumed to 
occur is more convenient (paper IV). 
Vulnerability can be assessed without any 
location-specific knowledge about, for 
example, species distributions and oil spill 
trajectory, which are not typically available 
for the Arctic (papers II, III). Species 
distributions and areal densities can be left out 
of the analysis by assuming that individuals 
are randomly distributed throughout the area 
(similar to Lecklin et al., 2011). If data on 
species distributions and oil spill trajectory 
are available, they can be easily combined 
with the before-mentioned probabilities, and 
so the risk assessment can be further detailed 
as a location-specific case study (paper IV). 
3.1.3 Structuring the conceptual 
model  
The exposure potential and sensitivity of 
Arctic biota depend on the characteristics of 
accidental oil spills, the extent of oil 
 
Fig. 3. Definition of the (acute) risk posed by spilled oil. Exposure potential (probability of contact with spilled 
oil), sensitivity (probability of death given the contact) and vulnerability (probability of death) are sufficient 
for studying the impact of an oil spill on a hypothetical area (papers II and III). For a case study, species 
distribution and oil spreading need to be additionally assessed (paper IV). 
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contamination, and a set of ecological 
parameters (Fig. 4). The structure of the 
model and the framework in general are based 
on a literature review (paper I), and the 
variables and their relationships are modified 
from the related model by Lecklin et al. 
(2011) for assessing the acute and long-term 
impacts of spilled oil in the Gulf of Finland. 
The nodes in the model correspond to random 
variables and the arrows describe the 
conditional dependency structure between 
them: an arrow from one node to another 
indicates that the latter is conditionally 
dependent on the first. For example, the acute 
vulnerability (Fig. 4: ‘Acute vuln’) depends 
on the extent of the area polluted by oil 
(‘Oiled area’), the type of oil spilled (‘Oil 
type’) and the timing of the accident 
(‘Season’). All the variables are described in 
Sections 3.1.3.1 and 3.1.3.2.  
The conceptual model presents the variables 
that directly affect the risk to biota with the 
intention to keep the model as simple as is 
reasonable. For example, a variable 
describing the size of the spill (e.g. in tons or 
barrels), usually included in oil spill models 
(see e.g. Reed et al., 2000; Lecklin et al., 
2011; Spaulding, 2017), is left out, since from 
an ecological perspective, the relevant 
information is included in the variable ‘oiled 
area’. This is due to the fact that spill size 
correlates poorly with the damage caused by 
the spill (Teal and Howart, 1984). Excluding 
 
Fig. 4. Conceptual model of the vulnerability of two functional groups (FG1 and FG2) right after an accident 
(‘Acute vuln’) and over the longer-term (‘Long-term vuln’, only demonstrated for FG1) (modified from paper 
I). FG1 and FG2 present functional groups that have a prey-predator relationship. The colored dashed lines 
indicate to which parts of the conceptual model papers II–IV focus. The variables in bold circles present where 
risk management decisions can be applied.  
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variables from the network means that they 
are not included within the scope of the thesis. 
For example, accident related variables, such 
as accident probability and variables affecting 
it, are excluded from the model, although their 
impact is unquestionably relevant. Moreover, 
every missing arrow between any two nodes 
corresponds to an assumption that either there 
is no direct dependence between the nodes or 
the dependency is not included within the 
scope of this thesis.  
Besides identifying the variables relevant for 
Arctic oil spill ERA, the conceptual model 
allows the estimation of where proactive 
management decisions can be made to lower 
the risks related to oil spills in the Arctic. For 
example, the timing of the shipping and the 
type of oil shipped, both of which affect the 
overall vulnerability (paper IV), can be 
guided by legislation. The extent of the oiled 
area can be controlled by, for example, the 
size of the tankers allowed to ship in the 
Arctic. Moreover, an efficient oil spill 
response can affect especially the longer-term 
impacts of spilled oil, and the oil spill 
response capacity can, at least in theory, be 
guided by risk management. In paper IV, an 
option for decreasing the negative 
consequences of potential Arctic oil spills 
through managing ‘when’, ‘where’ and ‘what 
kind of’ oil to ship is studied. Next, a short 
description of the variables in the conceptual 
model is given, paying special attention to the 
unique characteristics of the Arctic that must 
be taken into account when conducting Arctic 
oil spill ERA.  
3.1.3.1 Variables related to the acute 
impacts of spilled oil  
‘Season’ describes the timing of an accident, 
and it can potentially have a great impact on 
the overall harm caused by spilled oil: it 
determines which biota are present in the 
Arctic and how abundantly, and how much ice 
is present, contributing to both the distribution 
of biota and the behavior of spilled oil. 
Moreover, season is likely to affect the 
amount of operating ships, as the prime time 
for shipping in the Arctic is during the ice-free 
summer (AGCS, 2018). Season can also 
affect the accident probability through 
weather conditions (Khan et al., 2018). The 
effect of season on the environmental impacts 
of spilled oil is discussed hereinafter in 
connection with the definition of exposure 
potential and sensitivity. 
‘Oil type’ describes the type of spilled oil. 
Different oil types are being transported in the 
Arctic (Holmes et al., 2018) and it is likely 
that they have different impacts on the 
environment when spilled. For example, the 
density and viscosity of oil, which varies 
between oil types, affect the weathering 
processes it undergoes, as well as its likely 
fate (Fingas, 2000; Transportation Research 
Board, National Research Council, 2003). 
However, knowledge about the weathering 
processes and the fate of oil in cold regions is 
somewhat limited in comparison with 
temperate regions (Afenyo et al., 2016A) and 
we can only guess what types of oil will be 
shipped in the Arctic in the future (AGCS, 
2018). Therefore, to form an overall 
understanding of the potential impacts of 
different kinds of accidents, Arctic oil spill 
ERA should focus on oil type categories 
instead of specific oils.  
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‘Oiled area’ describes the extent of the area 
affected by a harmful amount of oil. The 
definition of harmful amount is likely to 
depend on the functional group, but for the 
sake of simplicity, it can be assumed that oiled 
area refers to an area where oil amount (e.g. 
thickness of the slick or the underwater 
concentration) exceeds a certain threshold 
value (similar to SIMAP (French-McCay, 
2004)). The size of the area affected by oil 
(e.g. length of oiled coastline or ice edge, 
proportion of oiled seabed, or volume of water 
body contaminated) varies depending on the 
type and the amount of spilled oil. Moreover, 
the size of the area depends on the season-
dependent ice-coverage (paper IV) and the 
prevailing weather conditions, wind will 
facilitate and ice-cover will hinder the oil’s 
spread, while waves mix the oil with water 
(Afenyo et al., 2016A). In ice-covered waters, 
oil may become trapped in or under the ice, 
potentially having a major impact on the 
likelihood of oil reaching the shore (paper IV; 
Brandvik et al., 2006; Afenyo et al., 2016A, 
2016B). The size of the oiled area will, in turn, 
affect the proportion of a population exposed 
to oil (similar to SIMAP (French-McCay, 
2004); see Fig. 3 and paper IV). 
‘Exposure potential’ varies between 
functional groups and depends on, among 
other things, their habitat use and ability to 
escape from an oiled area. It also varies 
between accident scenarios, depending on the 
type of oil spilled and the timing of the 
accident (papers II, III). In short, the fate of 
oil, which depends on the oil type, determines 
whether the oil and biota occupy the same 
habitat (such as seafloor or water surface). For 
example, during spring, seabirds primarily 
spend their time at their nesting sites, during 
summer, on the other hand, they are in the 
open water with their offspring King and 
Sanger, 1979) and their exposure potential 
changes accordingly. The changing seasonal 
distribution of ice cover affects not only the 
fate of oil, but also the habitat preferences of 
many species (papers III, IV) and therefore, 
also their exposure potential.  
Similar to exposure potential, the ‘sensitivity’ 
of biota varies between functional groups and 
depends on, among other things, their 
thermoregulation system and tolerance to 
toxins. The sensitivity of biota is also affected 
by the oil type, which affects both the physical 
and biochemical lethality of oil; light oils tend 
to be more toxic and less adherent than the 
heavier ones (Transportation Research Board, 
National Research Council, 2003; Lee et al., 
2015). Moreover, sensitivity is affected by the 
timing of the accident, most importantly by 
determining the proportion of offspring 
within a population (for sensitivity of 
offspring, see for example Malins, 1977; 
Leighton, 1993; Carls et al., 1999; AMAP, 
2010). Season can also affect the sensitivity of 
adults as, for example, many birds and 
mammals molt once or twice per year, during 
which time they can be particularly sensitive 
to oiling.  
‘Acute vulnerability’ is a product of exposure 
potential and sensitivity, and it describes the 
probability of the death of individuals (and 
therefore, the proportion of a population that 
dies) caused by the spilled oil, during and 
immediately following an accident. The 
definition of acute may differ between 
functional groups, seasons and types of oil 
spilled. In the absence of case-specific 
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knowledge, a two-week period, classified as a 
‘spill in progress’ phase by Boehm and Page 
(2007), can be considered (papers II, IV). 
According to Boehm and Page (2007), during 
this period, oil at the water’s surface is likely 
to have its maximum exposure potential and 
the concentrations within the water column 
can be expected to be at a maximum.  
3.1.3.2 Variables related to the longer-
term impacts of spilled oil 
‘Oil persistence’ describes both the extent and 
duration of the oil load in the environment, 
and it depends on the amount and type of oil 
spilled. In general, the lighter the oil, the faster 
it evaporates, whereas heavy oils may sink to 
the seafloor and cause prolonged harm to 
biota (Mackay and McAuliffe, 1989). In 
addition to direct physical or chemical harm, 
oil can also spoil habitats including breeding 
grounds. This may be particularly harmful to 
philopatric biota and biota unable to recognize 
and avoid oil (AMAP, 2010). Moreover, the 
remaining oil can cause chronic lethal or 
sublethal impacts, such as cancer and 
impaired reproduction (Ainley et al., 1981; 
Albers, 1998; Carls et al., 1999; Andersen et 
al., 2015).  
‘Oil spill response’ describes how efficiently 
the spilled oil can be collected, and it can 
impact the persistence of oil in nature. 
Potential oil spill countermeasures in both 
open and ice-covered waters include 
mechanical containment and recovery, the use 
of dispersants, in-situ burning and natural 
degradation. Some characteristics of the 
Arctic can have both positive and negative 
impacts on the success of an oil spill response. 
For example, ice cover can serve as a natural 
barrier to oil spreading, thus limiting the 
operational area of oil spill respondents 
(EPPR, 2015). However, accessing oil 
trapped in ice can be challenging and the lack 
of ports and general infrastructure can 
complicate oil spill response actions in the 
Arctic.  
‘Recovery potential’ consists of functional 
group -specific recolonization and 
reproduction rates, which affect when and if a 
population can return to their pre-spill level 
(similar to Lecklin et al., 2011). Generally, 
different species have varying recolonization 
abilities, depending on, for example, their 
mobility and distributional patterns (Kaiser et 
al., 2011), and the recolonization by even 
efficient colonizers can be delayed or fully 
prevented by oil left in the environment 
(Nelson, 1981; Day et al., 1997; Fukuyama et 
al., 2014), especially when the oiled area is 
isolated (Kubach et al., 2011). The rate of 
reproduction is affected by group-specific 
characteristics, including age at maturity and 
number of offspring (Hill et al., 2012). 
Reproduction efficiency can also be affected 
by oil left in the environment, for example, 
through the chronic impacts of oil or damaged 
breeding grounds (e.g. Davis and Anderson, 
1976; Ainley et al., 1981; Rice et al., 1987).  
‘Long-term vulnerability’ describes the effect 
of spilled oil on a population after a given 
period of time. Similar to acute vulnerability, 
the definition of ‘long’ may differ between 
functional groups, seasons and types of oil 
spilled – and the specific research question 
(i.e. the assessment endpoint). In addition to 
‘acute impact’, ‘oil persistence’ and ‘recovery 
potential’, longer-term vulnerability may also 
be affected by the state of other population(s) 
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in a food web, since, for example, the loss of 
a food source may have an adverse impact on 
a group and the loss of a predator, a positive 
one (Palumbi et al., 2008). Simple food webs 
and strong dependencies between groups can 
strengthen these impacts and a population 
decline of a single species can have serious 
structural and functional consequences for 
Arctic ecosystems (Chapman and Riddle, 
2005), suggesting that such links are 
particularly important to consider when 
conducting ERA in the Arctic. The fate of 
offspring after an accident may also affect 
longer-term vulnerability, particularly for 
functional groups with low reproductive rates.  
3.2 Quantifying the risk 
Moving from the conceptual description of 
Arctic oil spill ERA towards a quantitative 
understanding of the risks is challenging due 
to limited data. Hence, Arctic oil spill ERA 
must rely heavily on knowledge gathered 
from subarctic or temperate regions and from 
experts on the topic (Table 2). The most 
adequate methods for quantifying the 
variables within the conceptual model (Fig. 4) 
are presented in Sections 3.2.1 and 3.2.2. 
Moreover, major knowledge gaps inhibiting 
quantification are underlined. 
Regardless of the data sources and the 
methods for obtaining them, the values of all 
the variables related to Arctic oil spill ERA 
should be assessed as probability distributions 
rather than point estimates, if possible, to 
explicitly and transparently account for the 
uncertainty within them (papers I–IV). 
Especially if data from temperate regions are 
used to assess the impacts of oil spills in the 
 
 
Table 2. Potential source(s) of data for the variables in the conceptual model for Arctic oil spill ERA. 
Variable Potential source(s) of data Data source(s) used in this thesis  
‘Oil type’ 
‘Season’ 
Marine transportation statistics, 
previous studies, expert knowledge 
Assigned uniform distributions 
(papers II–IV) 
‘Oiled area’ Previous studies, oil spill models 
(such as SIMAP and OSCAR), 
expert knowledge 
Simulated by a simple oil spill 
model for ice covered waters 
(Afenyo et al., 2016B) in paper IV. 
Data on ice coverage collected 
from National Snow and Ice Data 
Center (Cavalieri et al., 1996).  
‘Oil persistence’ Previous studies, expert 
knowledge 
Not assessed 
‘Oil spill response’ Marine transportation statistics, 
expert knowledge 
Not assessed 
‘Recovery potential’ Previous studies, ecosystem 
models, observational data, expert 
knowledge 
Assessed based on previous 
studies from temperate regions 
(paper III) 
‘Exposure potential’ 
‘Sensitivity’ 
‘Vulnerability’ 
Previous studies, observational 
data, expert knowledge 
Assessed quantitatively by expert 
elicitation (paper II) and semi-
quantitatively based on previous 
studies (paper III).  
‘Biota within oiled 
area’ 
Species distribution models, 
previous studies, observational 
data, expert knowledge 
Assessed based on Mäkinen and 
Vanhatalo (2018) in paper IV. 
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Arctic, it can potentially necessitate the 
inclusion of high amounts of uncertainty in 
the assumptions (paper III).  
The variables can be discretized into a varying 
number of classes. For example, ‘season’ can 
be classified into four classes: ‘spring’, 
‘summer’, ‘autumn’ and ‘winter’ which can 
either be assigned a uniform distribution 
(papers II–IV) or a distribution reflecting an 
assumed accident probability (see Khan et al., 
2018). Oil type can be discretized into oil type 
categories, such as light, medium, heavy and 
extra heavy oils (resembling Helle et al., 
2011; Lecklin et al., 2011; Helle et al., 2015), 
which differ from each other both in physical 
fate and environmental impacts (papers I–
IV). As another example, ‘acute impact’ can 
be classified, depending on the amount and 
quality of data, into numerical classes (as in 
paper II: 0–10%, 10–20%, etc.) or into semi-
quantitative or qualitative (but still well-
defined) classes (as in paper III: ‘none’, 
‘low’, ‘medium’, ‘high’). The appropriate 
scale of discretization depends not only on the 
variable, but also on the chosen method of 
obtaining data. For example, a computer-
based oil spill trajectory model can handle 
close to an endless number of scenarios 
compared to the significantly more limited 
capacity of a human brain (O’Hagan et al., 
2006).  
3.2.1 Quantifying the variables 
describing the accident scenarios 
The probability distributions for the variables 
concerning the accident scenarios (‘season’, 
‘oil type’, ‘oiled area’, ‘oil spill response’ and 
‘oil persistence’) could potentially be 
calculated from maritime transportation 
statistics or accident reports (see e.g. Jin et al., 
2002; Helle et al., 2011; Kim et al., 2011; 
Lecklin et al., 2011; Jolma et al., 2014). 
However, the number of realized accidents in 
the Arctic or in ice-filled waters in general, are 
low and no major oil spill has yet occurred in 
the true Arctic, suggesting that statistics and 
reports may not provide reliable estimates. 
There have been a few attempts to estimate 
the accident probability in the Arctic based 
on, for example, navigational and operational 
features, weather, ice conditions and human 
error (see e.g. Marchenko et al., 2015; Sahin 
and Kum, 2015; Khan et al., 2018). These 
models can offer insight into some of the 
variables related to accident scenarios. For 
example, they generally include estimates of 
how accident probability varies between 
seasons. Before more detailed data are 
obtained from the Arctic, some rough 
estimates for some of the accident scenario 
related variables (such as persistence of oil) 
can be formed based on statistics from 
temperate regions, particularly for the ice-free 
period, but it should be noted that the 
characteristics of accidents in the Arctic can 
differ from those of other regions.  
The probability distribution for the location-
specific extent of the oiled area may be 
estimated by running oil spill trajectory 
models (such as OSCAR (Reed et al., 2000) 
and SIMAP (French-McCay, 2004)) with 
different parameterizations. However, as 
previously discussed, these models generally 
require detailed spatial data that are seldom 
available for the Arctic and hence, a simpler 
approach is often needed. Moreover, many of 
the oil spill models have limited ability to 
model the behavior of oil in ice (Afenyo et al., 
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2016A). Oil spreading in ice-filled waters can, 
however, be calculated with simplified 
methods that do not require as detailed data as 
the previously mentioned models (see e.g. 
Afenyo et al., 2016A; 2016B and references 
therein). For example, the fate of oil can be 
calculated based solely on oil spreading 
determined by the oil type and the extent of 
the ice coverage (paper IV). The oiled area 
can also be estimated by experts. Lastly, the 
oiled area can be roughly estimated based on 
earlier accidents with known properties and 
fate of oil. However, this could result in an 
overestimation of the area covered by oil, 
since ice cover reduces oil spreading (paper 
IV) and observational data of oil spreading in 
ice-filled waters are limited (Afenyo et al., 
2016A; 2016B). Moreover, even if oil 
spreading can be assessed with some accuracy 
based on the known properties of oil, drifting 
of oil depends on location-specific variables, 
such as winds and surface flows.  
Oil persistence is difficult to estimate and is 
often left out of oil spill models, even when 
the longer-term effects of spilled oil are of 
interest (see e.g. Lecklin et al., 2011). 
However, generally the persistence of oil can 
be assumed to be high (see e.g. Nixon and 
Michel, 2015 and Lindeberg et al., 2018 for 
persistence of oil after EVOS), and the 
heavier the oil is, the longer it is likely to 
remain in the environment (Branvik et al., 
2006). Moreover, weathering processes are 
slowed down in cold environments (Fingas 
and Hollebone, 2003; Brandvik et al., 2006), 
suggesting that oil may persist in the Arctic 
for particularly long periods of time. Even if 
the persistence of oil cannot be quantitatively 
estimated, it is important not to overlook its 
significance, since it has potential to greatly 
affect the longer-term impacts of an oil spill. 
Moreover, efficiency of an oil spill response 
in the Arctic can be relatively low compared 
to those mounted in temperate regions due to, 
for example, harsh climatic conditions, the 
remoteness of the area and poor infrastructure 
(see Transportation Research Board, National 
Research Council, 2014; EPPR, 2015; 
Wenning et al., 2018). There may be some 
local variation in the efficiency of oil spill 
responses that can be roughly estimated based 
on, for example, the distance to the nearest 
port with available response vessels (see e.g. 
Helle et al., 2011; Lehikoinen et al., 2013). 
However, it is worth noting that even 
relatively quickly launched, long-duration oil 
spill responses executed with a massive 
amount of resources may not result in a high 
percentage of the oil being cleaned up. This 
was proven by the unprecedentedly large 
cleanup efforts following EVOS, which 
resulted in total cleanup of only about 25% of 
the initial amount of spilled oil (Ventikos et 
al., 2004).  
It is possible to conduct Arctic oil spill ERA 
without data on all the before-mentioned 
variables. Papers II and III assess the 
exposure potential and sensitivity of Arctic 
biota without informative probability 
distributions describing the timing of an 
accident, the type of oil or the extent of the 
oiled area. The results can be used to compare 
the relative risk posed by spilled oil on 
different parts of an ecosystem and to assess 
variations in risk between seasons and oil 
types. The results can afterwards be included 
in a more detailed ERA that contains the chain 
from accident scenarios to the environmental 
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consequences of oil spills (see e.g. Lecklin et 
al., 2011; Ehlers et al., 2014, Helle et al., 
2015).  
When moving from general, non-spatial 
estimates of risk to more detailed, site-
specific risk assessment, additional 
knowledge is required about oil spreading and 
the distribution of species. Paper IV combines 
predictions of polar bear, walrus, and ringed 
seal areal densities (Mäkinen and Vanhatalo, 
2018) within a case study area with 
approximations of oil spreading under 
different ice conditions (Afenyo, 2016B) and 
estimates of the exposure potential and 
sensitivity of the studied groups (see Section 
3.2.2). The approach allows for the 
comparison of the risk related to different 
shipping routes and the potential variation in 
the overall risk between seasons and oil types. 
The paper assumes that an accident can 
happen with equal probability anywhere 
within a shipping route (equaling to ‘oiled 
area’), but an estimate of accident probability 
associated with each shipping route can be 
added to the analysis later (see e.g. Khan et 
al., 2018).  
3.2.2 Quantifying the variables 
describing the environmental impacts 
of spilled oil 
Quantifying the environmental impacts of oil 
is equally, if not more challenging than 
assessing the fate and persistence of oil. For 
some of the functional groups (mainly fish 
and invertebrates) it would be possible to 
conduct (more) laboratory or even mesocosm 
studies to assess their exposure potential and 
sensitivity. For mammals and birds, such 
experiments would be difficult or impossible 
to implement, and could lead to a number of 
ethical questions. Some variables contributing 
to the overall vulnerability, such as ‘recovery 
potential’ or the impact that lost prey (or 
predation) may have on a functional group, 
could potentially be estimated using 
ecosystem models. For example, Atlantis, an 
ecosystem model that has been used to 
evaluate the population-level impacts of the 
Deepwater Horizon oil spill (Ainsworth et al., 
2018). However, no such model has yet been 
calibrated for the true Arctic, as they require 
vast amount of data. Moreover, ecosystem 
models are mainly deterministic (Allen et al., 
2007; Fulton, 2010; Link et al., 2012; Spence 
et al., 2018) and are therefore ill-suited for 
risk assessment, especially in the Arctic. 
Therefore, at least for the time being, 
assessing the exposure potential and 
sensitivity of Arctic biota must rely on 
information gathered from experts (paper II) 
complemented with knowledge from 
published literature where applicable (paper 
III).  
3.2.2.1 Estimating oil spill impacts using 
expert elicitation 
Expert knowledge is a potential source of 
information for many of the variables in the 
conceptual model (Table 2). Expert elicitation 
refers to a scientific method of formally 
obtaining expert knowledge about a subject of 
study, and it is often applied when other types 
of data are limited or lacking. It has been 
widely utilized in environmental risk 
assessment, especially for events for which 
there are no prior data (Burgman, 2005). 
Expert elicitation has also been used in some 
studies related to oil spills (see e.g. Lecklin et 
al., 2011; Montewka et al., 2013; Valdez 
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Banda et al., 2015; Fingas, 2017). The 
greatest benefit from using expert elicitation 
is that it allows for the examination of topics 
that would be challenging or impossible to 
study otherwise. This method has been used 
in data-poor contexts, such as assessing the 
risk of nuclear power plant failure (Keeney 
and Von Winterfeldt, 1991), planning 
efficient wildlife conservation (MacMillan 
and Marshall, 2005), and predicting impacts 
of land use on biota (Martin et al., 2005). It 
has also been identified as an effective 
technique for forming accurate judgements 
under conditions of high uncertainty (Lyon et 
al., 2015). Expert knowledge can be used at 
every step of ERA: experts can build a 
conceptual description of the problem, they 
can provide qualitative or quantitative 
estimates on a study topic based on their own 
expertise (paper II), or they can identify and 
value different management options (see e.g. 
Kuhnert et al., 2010; McBride and Burgman, 
2012).  
Besides often being the only reasonable and 
available option for studying data-poor topics, 
expert elicitation has a number of other 
advantages. It is a flexible method that can be 
implemented remotely or face-to-face, used 
with individuals or groups, and data can be 
collected in a variety of forms (see e.g. 
Kuhnert et al., 2010). The interviewer can be 
a passive facilitator, guide the discussion or 
even form quantitative descriptions (such as 
probability distributions) of the topic based on 
discussion with or among experts. Expert 
elicitation is also a relatively low-cost 
method, a feature that makes it a particularly 
attractive approach in the Arctic where field 
research can be highly expensive due to poor 
working conditions. Moreover, as pointed out 
by Kuhnert et al. (2010), when it comes to risk 
management, it is best to use models founded 
on expert knowledge if the alternative is to 
delay decision-making until empirical data 
become available.  
However, the method also includes some 
biases that must be considered when utilizing 
expert knowledge. For example, experts may 
be overconfident, underestimating the 
uncertainty in their own knowledge (see e.g. 
Haran et al., 2010), which may produce biased 
results. Estimating the amount of uncertainty 
may be particularly difficult for the experts 
when it comes to an unprecedented or extreme 
events (Barker and Haimes, 2009; Morgan, 
2014). Another potential bias is called the 
anchoring effect, which refers to experts’ 
tendency to start the estimation process with 
an initial estimate and then to produce the 
subsequent estimates by adjusting the first, 
which may lead to too little variation between 
the estimates (Tversky and Kahnemann, 
1974). Moreover, personal values may 
influence the judgements of even well-trained 
and -educated experts (Heeren et al., 2017). 
There are several methods for reducing bias in 
expert elicitation, but eliminating it 
completely is very challenging (see e.g. 
O’Hagan et al., 2006). Moreover, finding 
skilled and motivated experts can prove to be 
difficult especially if the topic is relatively 
unstudied (paper II).  
In this thesis, expert elicitation is used for 
collecting data on the acute impacts of spilled 
oil on Arctic biota. Paper II carries out the 
elicitation process remotely using an 
elicitation tool built for that purpose. Potential 
experts were first identified based on their 
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research and publication profile, and the 
identified experts were asked to recommend 
other potential experts regardless of their own 
choice to participate to the study (approach 
known as the ‘snowball method’, see 
Biernacki and Waldorf (1981)). Altogether, 
eight experts participated in the study, and 
data on the acute impacts of spilled oil on 
seabirds, anatids and seals were obtained. The 
data on seals provided by the experts are 
utilized in paper IV and the elicitation tool 
(described in paper II) is also used in paper 
IV along with literature collected in paper III 
(see Section 3.2.2.2) to quantitatively assess 
the acute exposure potential and sensitivity of 
polar bears and walruses. Moreover, in paper 
III, the method of assigning probability 
distributions for the variables resembles 
expert elicitation, as the estimates are formed 
based on the expertise of the first author (the 
author of this thesis) and reviewed and revised 
together with the other authors.  
3.2.2.2 Estimating oil spill impacts based 
on published literature  
Expert knowledge in Arctic oil spill ERA may 
be supplemented by information from 
published literature (paper III). For example, 
if experts cannot be found (paper II), some of 
the variables within the conceptual model can 
be quantified based on a systematic literature 
review. For instance, in paper II data were 
only obtained for three functional groups, 
since no experts on the other functional were 
willing to participate in the study (which may 
indicate knowledge gaps related to the non-
elicited functional groups). Moreover, in 
paper II, the experts were asked to assess only 
the acute impacts of spilled oil because the 
evaluation of the longer-term impacts could 
be too challenging due to the complexity of 
the matter. Moreover, it would have increased 
the already extensive workload of the experts. 
Therefore, systematic and justified 
exploitation of the existing knowledge from 
sub-Arctic and temperate regions is an 
important additional source of information.  
One concrete solution to assist in the 
construction of probability distributions for 
the variables within the conceptual model is 
to develop an index based on published 
knowledge describing the risk the spilled oil 
poses to marine biota (paper III). An index is 
a convenient way of compiling a score from 
different variables from a variety of data 
sources with varying levels of precision. 
Moreover, it can offer a convenient way to 
move towards quantitative estimates and to 
efficiently and systematically exploit existing 
knowledge. Such an approach has been used 
in oil impact studies by, for example, King 
and Sanger (1979) for marine birds of North 
America, Williams et al. (1994) for seabirds 
of North Sea, and Helle et al. (2016) for 
threatened species and habitat types of the 
northern Baltic Sea. A few region-specific 
indices have been developed for some Arctic 
or sub-Arctic areas (e.g., Stjernholm et al. 
2011; Environment Canada, 2015; Clausen et 
al., 2016). Extrapolating such indices to the 
whole Arctic would, however, be challenging, 
as accurate data on habitats and their physical 
characteristics in the Arctic are mostly 
lacking. In paper III, existing knowledge 
about oil spill impacts from Arctic, subarctic 
and temperate regions was turned into indices 
describing exposure potential, sensitivity and 
vulnerability of Arctic biota. First, the 
relevant variables that contribute to exposure 
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potential and sensitivity of Arctic biota were 
identified. To mention a few, functional 
groups’ flocking tendency and use of ice were 
identified as variables contributing to their 
exposure potential, and their body size and 
grooming tendency as variables contributing 
to their sensitivity. Next, a probability 
distribution was assigned for each variable 
based on literature to describe how much the 
variables contribute to functional groups’ 
overall exposure potential and sensitivity. 
First, probability distributions of the most 
data-rich variables were assessed (see Fig. 5). 
For some such variables, like tolerance to 
toxins, the distributions could be calculated 
from quantitative data (see paper III 
Appendix S1). Next, probability distributions 
were formed for variables with less, but still 
some (qualitative) information. For some such 
variables, qualitative data could be used to 
calculate the probability distribution. For 
instance, the ‘flocking tendency’ of some 
groups have been documented well enough to 
infer a suitable probability distribution even 
without quantitative data. Next, uniform 
distributions were assigned for variables for 
which there were no data. Lastly, for many 
variables there was some, but not 
comprehensive (qualitative) information 
available. The probability distributions for 
those variables were formed by comparing 
them to other, more data-rich functional 
groups. As an example, data on the escape 
capability of any invertebrate group could be 
used with reasonably certainty to deduce the 
escape capability of other invertebrate groups. 
Once all the probability distributions had been 
assigned, the variables were combined into 
indices representing the overall exposure 
potential, sensitivity and vulnerability of the 
functional groups.  
It should be noted that the index is not 
quantitative to the same extent as the 
probability distributions provided by the 
experts. Even though some quantitative data 
were included in the probability distributions 
 
 
Fig. 5. The steps followed in assigning the probability distributions for variables contributing to index 
describing exposure potential and sensitivity of Arctic biota (paper III). 
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of some of the variables, the index itself is a 
semi-quantitative description of the risk. 
However, the uncertainty related to the 
estimates is described quantitatively, and the 
developed index is a clear step towards a 
quantitative understanding of the risks when 
compared to previous qualitative estimates 
(most importantly by AMAP (2010), which 
contain no estimates of the uncertainty and 
very limited descriptions of the logic behind 
the risk estimates). 
4 Results and discussion 
4.1  Summary of the main results 
The first aim of this thesis was to build a 
probability-based, general framework for 
studying the impacts of spilled oil on Arctic 
biota in the data-poor Arctic. An extensive 
literature review was conducted and several 
important variables that contribute to the risk 
the spilled oil poses to biota were identified 
(papers I, III). Moreover, the key marine 
functional groups at risk and relevant accident 
scenarios were identified. The second aim of 
the thesis was to use that framework to 
quantify the risk posed by spilled oil to Arctic 
biota. The results suggest that exposure 
potential, sensitivity and therefore, 
vulnerability, vary greatly between functional 
groups, life stages, oil types and seasons 
(papers II–IV), proposing that attention 
should be paid to such variation when 
assessing and managing the risks related to 
Arctic oil spills. Moreover, accounting for 
spatiotemporally varying components of the 
oil spill risk, such as oil spreading, 
emphasizes the importance of oil type and the 
extent of ice cover in determining the risk to 
biota (paper IV). Spatiotemporal components 
also increase the uncertainty related to the 
risk. All in all, the uncertainties related to 
Arctic oil spill impacts are great and must be 
acknowledged in decision-making.  
4.1.1  Season and oil type affect the 
exposure potential and sensitivity of 
Arctic biota 
Birds and polar bears seem to be the Arctic 
biota most at risk from oil spills (papers II–
IV). In that regard, the results are in line with 
previous studies from temperate regions, 
which suggest that birds and fur-bearing 
mammals are particularly prone to suffer from 
spilled oil (see e.g. French-McCay, 2004; 
AMAP, 2010; Lecklin et al., 2011). The 
results also bring new knowledge by 
suggesting that seasonality, which has seldom 
been comprehensively considered in oil 
impact studies, may have significant effects 
on the harm caused by oil (papers II–IV). 
Season affects both the exposure potential and 
sensitivity of most functional groups (papers 
II, III) and oil spreading and therefore, also 
the proportion of a population within an oiled 
area (paper IV; see Section 4.1.2). Season is 
particularly important for polar bears’ 
exposure potential and vulnerability. These 
metrics seem to be considerably lower during 
summer (paper III), since the bears may be 
forced to stay on land due to loss of ice 
(Molnár et al., 2010) and are therefore less 
likely to encounter spilled oil.  
Furthermore, season has a particularly strong 
impact on most functional groups’ offspring’s 
exposure potential, sensitivity and 
vulnerability. However, in contradiction to 
what is often assumed (see e.g. AMAP (2010) 
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and references therein), offspring may not be 
at higher risk compared to adults, at least 
when it comes to acute risk (paper II). For 
example, although bird offspring seem to be 
more sensitive during spring, they also have 
significantly lower exposure potential making 
their vulnerability lower than that of adults. 
This is explained by offspring’s tendency to 
stay in the nest where they will not come into 
contact with oil, while adults search for food. 
Regardless, an oil spill during breeding 
season could cause a variety of indirect harm 
to biota. For example, offspring may die due 
to the death of their parent(s), the probability 
of which was not assessed in this thesis.  
Arctic biota have varying exposure potential 
and sensitivity to different oil types (papers II, 
III). For most of the functional groups, oil 
type is particularly impactful for their 
exposure potential. For example, functional 
groups that stay on seafloor (such as demersal 
fish and benthic invertebrates) are 
significantly more vulnerable to heavier oils 
that sink to the seafloor than to light oils that 
may evaporate straight from the sea surface 
(paper III). Contrariwise, the groups 
inhabiting the water column (such as pelagic 
fish and seals) are less vulnerable to heavier 
oils that occupy the water column only shortly 
and in relatively solid form before sinking to 
the seafloor or drifting ashore, compared to 
lighter oils, which may dissolve into the water 
column in greater amounts. Furthermore, oil 
type has an effect on the sensitivity of many 
of the groups (papers II, III). In general, 
Arctic biota is less sensitive to light oils than 
to medium, heavy and extra heavy oils, but 
there is some variation between the groups.  
Invertebrates and fish seem to be the most 
vulnerable functional groups due to, for 
example, their aggregation behavior and 
limited or absent ability to escape from an 
oiled area (paper III). The sensitivities of all 
the invertebrate and fish groups are similar, 
but their exposure potentials differ greatly 
depending on the type of oil spilled (paper 
III). Similar to invertebrates, the four fish 
groups – pelagic, cryopelagic, foraging and 
demersal – have similar sensitivities, but their 
exposure potential differs greatly depending 
on the oil type (paper III). Ice seals are the 
least affected group, with their almost certain 
‘medium’ vulnerability with very little 
variation between accident scenarios. Their 
relatively low vulnerability is explained by, 
for example, their blubber-based 
thermoregulation system and relatively high 
tolerance to toxins (paper III).  
4.1.2 The risk posed by spilled oil 
varies spatiotemporally  
When the risk assessment is expanded by 
adding spatiotemporally varying components 
describing the areal densities of biota and oil 
spreading under different ice-conditions to the 
exposure potential and sensitivity information 
described above, certain accident scenarios 
appear to pose significantly higher risks to 
biota than others (paper IV). In short, the 
more ice there is, the less the oil will spread, 
and the lighter the oil, the more it will spread 
(paper IV). Hence, an accident scenario where 
light oil is spilled in low ice conditions results 
in the largest oiled area. However, such a 
scenario does not automatically expose larger 
proportions of populations compared to other 
accident scenarios. This is due to the fact that 
the areal distributions of many Arctic species 
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are dependent on ice cover (paper IV; 
Mäkinen and Vanhatalo, 2018) and hence, an 
accident in ice-covered waters may be less 
dangerous to species not dependent on ice 
cover compared to an accident in open water 
(paper IV).  
As discussed throughout the thesis, the risk to 
biota cannot be comprehensively deduced 
from solely comparing oil spill trajectory to 
species’ areal distributions. Without 
information about vulnerability, light oils 
seem to pose the highest acute risk to biota, 
but since most biota are more sensitive to 
medium or heavy oils than to light oils (papers 
II, III), accounting for vulnerability suggests 
that medium oil poses a higher acute risk than 
light oil (paper IV). Overall, accounting for 
vulnerability decreases the risk compared to 
estimates based solely on oil spill trajectory 
and species distributions.  
However, accounting for vulnerability does 
not automatically contribute to decision-
making. Even though it affects the risk order 
of accident scenarios, it does not necessarily 
change the risk order of the shipping routes. 
In other words, the risk order of the shipping 
routes may be the same whether it is based 
solely on oil spill trajectory and species 
distributions or if vulnerability is accounted 
for (paper IV). The case study described in 
paper IV presents a spatiotemporal risk 
assessment focusing on adult marine 
mammals whose exposure potential and 
sensitivity hardly vary between seasons and 
oil types (papers II, III) therefore, accounting 
for their vulnerability has a relatively small 
impact on the total risk (paper IV). 
Nonetheless, even if vulnerability does not 
affect the risk order of shipping routes and 
thus, the selection of the optimal shipping 
route, it improves both our understanding of 
the risk and the amount and sources of the 
related uncertainties (paper IV). 
It is worth noting that the case study assumes 
a constant accident probability along the 
shipping routes. In reality, if a shipping route 
is located, for example, near a range of rocks 
and there are highly vulnerable biota in the 
vicinity, such a route may very well pose the 
greatest risk. Moreover, the ice coverage that 
affects the oil spreading and species 
distributions is likely to affect the accident 
probability too (Khan et al., 2018). Therefore, 
the risk associated with oil spills in low ice 
concentrations may be lower than the results 
currently suggest. Accident probabilities have 
already been assessed for some Arctic areas 
(see Khan et al., 2018 and references therein) 
and the methodology of the spatiotemporal 
risk assessment of this thesis can be extended 
to account for the (spatiotemporally varying) 
accident probability, if such data become 
available for the case study area.  
Our understanding of the spatiotemporal 
variation of the risk may change in the future 
if new species or functional groups can be 
included in the analysis. Adding, for example, 
birds, especially their offspring, could 
increase the temporal variation in the results, 
since their exposure potential and sensitivity 
differ between seasons (papers II, III). 
Currently, the limiting factor is the amount of 
data on the distributions of most biota in many 
data-poor areas in the Arctic. Some data on 
bird distributions, or at least on the locations 
of their breeding colonies, exist (see e.g. 
Bakken, 2000; AMAP/CAFF/SDWG, 2013), 
but the data are far from comprehensive. In 
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the future, more data may become available as 
the easing weather conditions in the Arctic 
make field studies more feasible. The 
quantitative data on the exposure potential 
and sensitivity of birds collected from the 
experts in paper II are readily suitable for 
such an analysis if detailed enough data on 
their distribution are obtained.  
It should be noted that additional data does not 
automatically change our understanding about 
the safest or riskiest shipping routes. If the 
estimated species range covers a large area 
and knowledge about the spatiotemporal 
variation in the abundances is lacking, the 
additional data may not contribute to 
decision-making related to the selection of 
shipping routes. It is also worth noting that 
climate change may affect the distribution of 
biota, especially for species that are heavily 
dependent on ice and may move poleward 
(ACIA, 2004; Rahel et al., 2008; Brommer et 
al., 2012). If they do, they would be further 
away from the areas where maritime traffic 
volume is expected to grow the most, thus 
lowering the risk they face.  
4.1.3 Uncertainty in oil spill risk 
needs to be understood and managed 
As discussed throughout the thesis, 
comprehensive processing and transparent 
presentation of uncertainty is of key 
importance in Arctic oil spill ERA, especially 
if the results are to be used in decision-
making. Even though the thesis produces new 
information about the risk posed by spilled 
oil, it also makes it evident that the 
uncertainties related to the topic are still large. 
The greatest uncertainties lie within the 
longer-term impacts of oil along with the 
persistence of oil in the environment. Since 
very little data on the longer-term fate of oil 
in the Arctic exist, no attempt to quantify the 
persistence of oil in the environment was 
made in the thesis (similar to Lecklin et al., 
2011). It may be possible to use a simple 
population model to study how permanent the 
population-level changes caused by spilled oil 
would be, especially for species for which 
such models have already been built (see e.g. 
Ohlberger and Langangen, 2015; Rahikainen 
et al., 2017; de Vries et al., 2018). 
Unfortunately, however, population models 
have not been built for the majority of Arctic 
species. Therefore, at least for the time being, 
the decisions regarding oil spill risk 
management in the Arctic must primarily rely 
on estimates of the acute impacts of spilled 
oil.  
There are also varying amounts of uncertainty 
concerning the acute impacts of oil spills, 
even though the thesis removes some of it. 
Most importantly, new knowledge about the 
exposure potential and sensitivity of Arctic 
biota was produced (papers I–IV) and major 
sources of uncertainty within them were 
identified (paper III  ¸ IV). However, the 
probability distributions assigned by the 
experts are relatively wide for both the 
exposure potential (with the exception of 
offspring during spring) and sensitivity of 
seals and birds (paper II). Varying amounts of 
uncertainty are also included in the 
vulnerability index and can greatly influence 
the interpretation of the results. For example, 
although the index suggests that polar bears 
are less at risk from spilled oil during summer 
than during other seasons, there is 
significantly more uncertainty in their 
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exposure potential and vulnerability during 
summer (paper III). This is because their use 
of habitat may vary greatly during summer 
(Amstrup, 2003). Furthermore, when 
spatiotemporal variables are accounted for, 
the results suggest that the risk to polar bears 
generally contains most uncertainty during 
summer (paper IV).  
When considering all the functional groups, 
exposure potential estimates include more 
uncertainty than sensitivity estimates (papers 
II, III). This is at least partially explained by 
the fact that exposure potential depends on 
biota’s use of habitat (including use of ice), 
which may vary greatly not only between, but 
also within seasons (paper III). When the 
biological response (i.e. exposure potential 
and sensitivity of biota) is complemented with 
data on species areal densities and oil 
spreading, uncertainties in the risk estimates 
are even larger and the variation between 
seasons increases further (paper IV).  
The thesis aimed at providing a quantitative 
description of the uncertainty, but it is worth 
noting that there are also different approaches 
for handling uncertainty. Recent literature has 
suggested that risk assessment should move 
from purely a quantitative, probability-based 
approach, to a semi-quantitative approach, 
which systematically treats the assumptions in 
the evidence (see e.g. Aven, 2013; Berner and 
Flage, 2016). These new perspectives argue 
that probability (used as a measure of 
uncertainty) cannot reflect the strength of 
knowledge that the probability is based on. 
Such a risk assessment approach has been 
used in developing frameworks for marine oil 
spill risk assessment (Goerlandt and 
Montewka, 2015) and in Arctic risk 
assessment focusing on ice management 
options (Haimelin et al., 2017). The strength 
of evidence is undoubtedly of interest to 
decision-makers and should be accounted for 
in future studies. The results of this thesis and 
the description of uncertainties in particular, 
can be further studied in terms of assumptions 
in the evidence.  
It should be noted that in this thesis, 
uncertainty originating from a lack of 
knowledge is not distinguished from 
uncertainty originating from natural variation. 
This would have complicated the analysis and 
further increased the workload of the experts 
(and the authors). However, the main sources 
of uncertainty in different variables are 
assessed (papers I, III). Moreover, the thesis 
offers recommendations for reducing 
uncertainty in future risk assessments. 
Contrary to what could be assumed, future 
research should not necessarily target the 
most uncertain variables, but the benefits of 
new data should be assessed in relation to the 
difficulty of collecting them (paper III). 
Moreover, the significance of the uncertainty 
to decision-making should be assessed: if the 
decision is the same regardless of the amount 
of uncertainty, it may not be sensible to use 
resources for collecting more data (Morgan 
and Henrion, 1990; Reckhow, 1994).  
One concrete way to plan data collection is to 
perform value of information analysis, so that 
the expected utility from obtaining new data 
is maximized (Raiffa and Schlaifer, 1961; 
Mäntyniemi et al., 2009; Eidsvik et al., 2015). 
In Arctic areas, such analysis would likely 
provide tremendous benefits, since the costs 
of exploration and data collection are high and 
the current information about the environment 
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is low. Another alternative is to perform 
sensitivity analysis (note that here sensitivity 
does not refer to functional groups’ sensitivity 
to oil) to study how uncertainty in the model 
output is apportioned to different sources 
(paper III; Saltelli et al., 2004). The model 
output is not automatically most sensitive to 
the most uncertain variables, and sensitivity 
analysis allows for the analyst to compare 
variables that cause the most change in the 
model outputs to the main source(s) of 
uncertainty and to assess how easily new data 
can be obtained. In general, data collection 
should focus on variables in which the 
greatest uncertainties are due to limited 
knowledge, not due to natural variation (paper 
III). For example, in Arctic oil spill ERA, 
changes in habitat use-related variables cause 
relatively large changes in the model outputs 
(paper III). Collecting data on them would be 
relatively easy by exploiting, for example, 
expert elicitation or field surveys. However, 
the main source of uncertainty for such 
variables is natural variation, suggesting that 
the uncertainty may remain high despite 
additional research (paper III). This problem 
can, however, be addressed by species 
distribution models (SDM) designed for the 
data-poor Arctic (paper IV). The better the 
observations, the more accurate the 
predictions of the distributions and densities 
of biota. Currently, SDM can only be applied 
to a few Arctic species with observational 
data. Most species are still poorly monitored 
in majority of the Arctic and existing data are 
limited to those species with economic value 
(CAFF, 2017). Lastly, the cost of data 
collection in the Arctic can be expected to be 
high, and therefore, its cost-efficient 
implementation will require economic 
analysis, which is outside the scope of this 
thesis.  
4.2  The significance of the work  
The ultimate aim of any ERA is to support 
decision-making (Burgman, 2005). This 
thesis aimed to produce new data and 
methodologies that can be of use in further 
risk assessment and in management related to 
Arctic shipping. The developed framework is 
easy to use and does not require vast 
computational capacity. The conceptual 
model is easy to understand and includes a 
relatively small number of variables, 
representing only the most relevant factors 
contributing to Arctic oil spill ERA. The 
framework developed in paper I has been 
mentioned as a key risk assessment method to 
be applied in planning the oil spill response in 
the Arctic by Wenning et al. (2018) and has 
received wide interest in the literature (17 
citations by 4/2019). Moreover, the thesis 
presents a novel way to assess oil spill impacts 
when the existing oil spill models, like 
SIMAP (French-McCay, 2004) and OSCAR 
(Reed et al., 2000), cannot be used due to their 
comparatively high data-demands. The thesis 
further responds to the limitations of the 
existing oil spill models by considering the 
behavior of biota and quantifying the role of 
seasonality on that behavior, both of which 
have often been overlooked. Furthermore, the 
thesis accounts for the uncertainties related to 
oil spill impacts in more detail than most other 
oil spill models. The results obtained suggest 
that the approach is feasible, but requires 
further development (Section 4.3).  
For most of the functional groups, this thesis 
offers the first data on their exposure potential 
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and sensitivity and therefore, improves the 
understanding of the data-poor topic of Arctic 
oil spills. Providing estimates of exposure 
potential and sensitivity separately from other 
ERA variables (such as oil spreading) enables 
risk assessment at different levels (see e.g. 
paper II vs. paper IV), improves the exchange 
of knowledge between different areas, and 
offers easy updatability of the assessments 
when new evidence become available.  
The methods developed are suitable for all 
key functional groups (in contrast to e.g. 
toxicological studies). The estimates of the 
vulnerability of the functional groups were 
produced following the same procedure 
(paper III), leading to an unprecedented 
opportunity to transparently compare the 
relative harm caused by spilled oil on biota 
under different accident scenarios, while 
taking into account the uncertainties related to 
the topic. The results suggest that the 
exposure potential and sensitivity of biota can 
affect the overall impact of an oil spill 
significantly (paper IV) and therefore, 
considering them in future Arctic oil spill 
ERA is recommended over the frequently 
used method of simply comparing species 
distribution to expected oil spill trajectory.  
The thesis presents novel methods for 
studying oil spill impacts in a data-poor 
environment, and with minor modification, 
the methodology could be applied in other 
data-poor regions as well. The results inform 
us not only of impacts of oil on biota, but also 
of suitability of different methods for studying 
them. The index-approach, built in paper III, 
is especially adequate for comparing the 
functional groups to each other, since the data 
obtained for each group followed the same, 
transparent logic. Moreover, the index can be 
easily updated when new data come available. 
The elicitation process, in turn, is more time 
consuming and may not work at all if suitable 
experts are not found (paper II). However, the 
results of the expert elicitation can more 
easily be used in further risk assessments 
since they are in the form of probability 
distributions. Therefore, the elicitation 
method can be considered to be a more 
preferable method of obtaining data for Arctic 
oil spill ERA, assuming that enough skilled 
and motivated experts can be found. The 
thesis encourages the further use of expert 
knowledge in Arctic oil spill ERA and other 
data-poor topics, and for methodological 
development for both acquiring more data and 
for testing the credibility of the data obtained 
(paper II).  
Ideally, the results of this thesis could 
concretely benefit Arctic conservation. 
Shipping routes could be designed based on 
the spatially and temporally varying risk, and 
if an accident were to occur, possible oil 
combating resources could be allocated to 
areas where the ecological risks are the 
highest. It may be relevant for decision-
makers and other stakeholders to know which 
parts of an ecosystem will face the most harm 
if an oil spill happens, and whether the risk 
varies depending on the type of oil spilled and 
the timing of the accident. For example, the 
thesis identifies birds and polar bears as the 
biota most at risk from spilled oil. From a 
conservational perspective, avoiding shipping 
near areas that are known to host large 
aggregations of birds could be relatively easy. 
However, highly mobile polar bears are likely 
to be more difficult to protect, but, since they 
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are classified vulnerable by IUCN (Wiig et 
al., 2015), protecting them is particularly 
important. Moreover, their regional densities 
can be assessed relatively precisely (see e.g. 
Wilson et al., 2016; Wilson et al., 2018), 
which can aid conservation efforts. The 
results of the spatiotemporal risk assessment 
in particular can help risk management related 
to shipping by demonstrating which routes are 
the safest for biota and whether the risk varies 
between seasons.  
It should be noted that the hypothetical risk 
management options studied in this thesis 
(where, when, and what kind of oil to ship) 
can be considered to be somewhat 
speculative. The aim of the thesis was not to 
suggest the best management options for 
Arctic stakeholders, but rather to facilitate an 
understanding of this large and complex entity 
and hopefully, to serve as a basis for future, 
more detailed, risk assessment, which ideally, 
would also include the identification and 
comparison of management options. The 
results of this thesis can also be used in 
decision analysis to justifiably and 
transparently weigh the costs and benefits of 
various decisions regarding Arctic shipping. 
4.3  Limitations of the study and 
guidance for future research 
The work presented in this thesis is merely a 
step towards a quantitative understanding of 
the impacts of oil spills in the Arctic. Plenty 
of additional research must be conducted to 
fully understand this complicated 
environmental problem. First and foremost, 
limited knowledge complicated every step of 
the risk assessment process. Many 
assumptions had to be made based on 
published literature from temperate regions, 
since knowledge about oil spill induced risks 
in the Arctic is primarily qualitative (see e.g. 
AMAP (2010) and references therein). The 
framework for Arctic oil spill ERA includes a 
number of simplifications, while neglecting 
some components related to oil spills 
altogether, however the purpose of the 
framework is to improve the understanding of 
the main variables contributing to oil spill 
impacts on Arctic biota. Although the 
framework represents the current 
understanding, it is still an educated guess due 
to scarce data, and there might be ‘unknown 
unknowns’ that will not be discovered until an 
accident occurs. It should be noted that this 
uncertainty in the model structure (i.e. model 
uncertainty) was not studied in the thesis. 
However, it should be considered to better 
understand the amount and sources of 
uncertainty in the final results (see e.g. 
Draper, 1995). Hence, a need for future 
research is recognized.  
The limited knowledge was also reflected in 
the difficulty of finding experts to participate 
in the elicitation research (paper II). Many 
people identified as potential experts declined 
to participate in the study because they did not 
feel that their expertise was sufficient. 
Consequently, the difficulty involved in 
finding any experts on most of the functional 
groups may point out some particularly wide 
knowledge gaps. Moreover, the small number 
of experts that participated in the study 
limited not only the amount of data at our 
disposal, but also the credibility of the results. 
Contrarily, however, the relatively unanimous 
answers given by the experts independently 
increased the credibility of the results. 
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Furthermore, the index-approach included a 
number of judgement calls that impacted the 
results remarkably (paper III). Overall, it is 
difficult to validate the results, as prior data 
are very limited. In the papers, the results 
were compared to knowledge about oil spill 
impacts from temperate regions and 
laboratory experiments (papers I–IV), but, as 
the thesis produces first estimates on exposure 
potential and sensitivity of most of the 
functional groups, the difficulty of validation 
is accepted as a challenge for future studies.  
Secondly, although the low response rate 
among the potential experts might be partly 
explained by limited knowledge, at its core, 
the study failed to motivate them to 
participate (paper II). There are many 
possible reasons. Remote elicitations tend to 
have lower response rates than those 
conducted in person (Kuhnert et al., 2010) and 
the large number of questions included in the 
elicitation may have lowered the response rate 
(see e.g. Hemming et al., 2017). There are a 
number of means by which the number of 
participating experts could be increased. For 
example, elicitation carried out by a research 
institute, like the Arctic Council, which has 
already developed a good reputation and 
strong networks could lead to higher response 
rates (Cook et al., 2000). Moreover, a group 
discussion among the experts could lead to a 
higher number of answers (although it could 
also lead to additional problems, such as peer 
pressure, resulting in falsely unilateral 
answers (see e.g. Martin et al., 2012; Heeren 
et al., 2017)). The thesis encourages future 
research on data-poor topics, such as the 
exposure potential and sensitivity of Arctic 
biota, and to the design the elicitation process 
to ensure the experts’ interest. For example, a 
pre-elicitation analysis can be carried out in 
order to enhance the probability of an 
elicitation’s success (Martin et al., 2012). It is 
also worth considering whether a compromise 
should be made between the quality and the 
quantity of data, as smaller number of 
questions could incite more experts to 
participate in the study. For example, experts 
can give their answers in the form of 
minimum and maximum values instead of 
probability distributions, thus reducing their 
workload.  
Third, a limited amount of attention was 
payed to the longer-term impacts of oil spills 
(also discussed in Section 4.1.3) and this is 
recognized as a potential shortcoming of the 
thesis. For instance, accounting for longer-
term impacts could suggest that heavy oils 
pose a greater risk than medium oils, since 
heavier oils are expected to persist in 
environment for longer, thus prolonging the 
harm to biota (Mackay and McAuliffe, 1989). 
The vulnerability index includes estimates of 
the recovery rates of the functional groups, 
but without estimates of oil fate and 
persistence, the results are somewhat 
speculative. Oil spreading in ice-filled water 
can be estimated with some accuracy (paper 
IV), but oil can also get trapped under ice, 
travel great distances and be released far from 
the original accident site when the ice melts 
(Brandvik et al., 2006). Such oil migration is 
far from the scope of the current oil spill 
trajectory models. Moreover, the composition 
of oil may change drastically over time, and 
the impacts of weathered oil may differ 
greatly from those of freshly spilled oil. In 
theory, the elicitation tool built in paper II 
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could be used for assessing the longer-term 
impacts of oil spills as well, but that would 
further complicate the questionnaire and 
could decrease the number of participating 
experts further. It should be noted, however, 
that with the current knowledge, it cannot be 
known for sure whether the longer-term 
impacts differ from the acute impacts from the 
perspective of decision-making. If a decision 
would be the same, regardless of whether 
acute impacts, longer-term impacts or both 
were considered, assessing the latter may not 
be necessary from a risk management 
perspective. If information about longer-term 
impacts is not available, decisions need to be 
made based on the acute impacts.  
Fourth, the thesis presents the population and 
ecosystem dynamics in a very simplified 
manner. Although Arctic food webs are 
relatively simple, they may have been 
oversimplified by the decision to focus on the 
primary predator-prey relationships (paper 
III). All ecosystems are intrinsically variable, 
and the Arctic in particular is characterized by 
change and highly adaptable biota (CAFF, 
2017). Therefore, gaining a better 
understanding of the population and 
ecosystem dynamics within this system could 
be useful when conducting more detailed 
Arctic oil spill ERA. The results of this thesis 
can offer some guidance about where a more 
detailed understanding of population 
dynamics would be most beneficial. 
Furthermore, the risk to the ecosystem was 
studied through the death of individuals. It is 
recognized that this is merely one alternative 
and different assessment endpoints could lead 
to different understandings of the risk. If the 
results of a risk assessment are to be used as 
such for decision-making purposes, the 
assessment endpoints should be chosen with 
the decision-maker to ensure the usability of 
the information produced.  
Lastly, a need for a valuing method is 
identified. The spatiotemporal risk 
assessment suggests that it might not be 
possible to find a shipping route that is the 
safest for all biota (paper IV), and therefore, 
decisions may be required about which 
species should be preferentially protected 
over others. In this thesis, no values are 
assigned for biota, as there are no justifiable 
scoring criteria available (however, see 
Noring et al. (2016) for valuation of oil spill 
risk reductions in the Arctic from an 
ecosystem services -point of view), and 
developing one was outside the scope of this 
thesis. However, there are different ways to 
value biota. Scoring can be based on, for 
example, economic or ecological importance, 
or conservation status (see e.g. Laurila-Pant et 
al., 2015). From an ecological perspective, 
scoring can be based on, for example, species’ 
resilience or role in a food web. Such values 
could also contribute to the weights of 
variables used in this study, and benefit the 
exploitation of the current results for the 
conservation of the marine Arctic. Similar to 
selecting the assessment endpoints, the 
valuation method should be designed with the 
decision-maker.  
5 Concluding remarks 
In near future, the Arctic is expected to face a 
dramatic increase in maritime traffic and 
natural resources exploitation. This thesis 
sheds light on what may result. From a risk 
management perspective, it is important to 
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understand the environmental impacts of 
Arctic oil spills in order to prepare for them, 
but also to recognize the sources and 
magnitude of the uncertainty in the impacts 
estimated. The results suggest that polar bears 
and birds are most affected by spilled oil, and 
that the risk to biota may be altered by 
controlling the type of oil shipped, which 
shipping routes are used and when. However, 
there is still a great amount of uncertainty in 
the estimates, since there are many complex 
processes involved, and this thesis has simply 
been a step towards understanding them 
better.  
The future of the Arctic is open, and it remains 
to be seen how strongly different interests, 
especially those related to economics and 
conservation, will collide. As I write these 
concluding remarks, the U.S. is contemplating 
oil drilling in Alaska (Nong et al., 2018) and 
Russia is looking to invest in offshore oil and 
gas drilling along its Arctic coast (Keil, 2017). 
This will not only increase the risk of an oil 
spill in the area, but the further consumption 
of fossil fuels, which will intensify climate 
change, which may, in turn, make shipping 
and drilling for oil in the Arctic all the more 
compelling. This is a persuasive reason for the 
further development of the risk assessment 
framework: the simultaneous risks posed by 
different human actions can equate to more 
than the sum of their parts. The more activity 
there will be in the Arctic, the greater the need 
to understand the associated risks.  
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